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- - _ABSTRACH

| _ _ s e Fed.t transfer and presgure drop felation=
' : shlps« af c;rln.ndars in ducts with air flow

- ) . normal to the axis, are presented for air -
" velocities: from 3 to 120 feet per second. 7

but:.ens: of poin t hvat transfe;- coeffn.qzen‘c.
o : ) ) 'md cyl:.nders are given for s:.nole, in-line,
g - ) ) S e 7 gk erad, and umsyinetrically —————
. 3 The overall heat )
T - o sransier and prebsure drop data aré correlated
© foi all appangéments. They are reduced to
singlé. equations by the detemma.t:x_on of fac+ .

tors uescr:.blng configuration ‘charachtert S‘bls.s.,
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I. THTRODUCTION

. Becauge of ever-widening derand for reliable operation under all

probable flight conditions, aaeqaate cooling is being recognized as an

Afportant and integral part T “the de31gn of airborne electronic equip-

, ment. . Past practices of cooling electronic -€quipnent by weans of

; fiabural convection and by the usé &f blowsrs as auxi’iavy devices d.eg
not. fulfill most present and fubure requlremenus. .L‘hey stem from. (l;

. - aireraft. operation &t 1Acreased fiight speeds and altitudes; { 2} edui;
mént 'des:r.gn° ©Of geater f-apaclty and higher heat joncentration, .

. (3) severer *es’m:.ct:.on in available installation space.

. Among methods of heat. me ection fz:o:n_ electronic eomponents ang
- equlpnents, ‘details of cooling bv d€ans of for c,ed c0 tive air L.‘.ow
offer a vast field for explorations This mode oi £ooling emrraces thé
5 : use of air flow which may either be induced from the envipommerit of the
airéraft- in flight, or from the installation compartment of the elec:
trond¢ squipment, or may circulate at high Yélocity within 4 thée equipnent,
cages Thée effective dpplication of this mode of heat dissipation fron
‘components. requires ‘knowledge of overa.ll heat transfer ¢oeflicicnts as
well as of the ¥ariations &f iocal heat transfer coefficients 61 com~
ponent surfaces. . For the evalaat:.on of these coéfficients; thé effects
- of air température and pressure, rate of air flow, and arran’—'em_en‘h of
-components must be kKiown. Together with thé knowledge of Heat transfer
nts, Jknowledge of présswre drops and their relation w:Lth the

t gs_ :.‘s o_f importance, The _power rem.rement ‘Ior cooLifif 1s
o : ure dyop and fisw Tews, Expressing theé power
. req;memenu in the same an...ts &f energy 28 thé heat disgipated from
the :coznpsnents prondes a means for the evaluatior of the nfa.lc:.ency of
a. glven ¢cooling: ann.u.catn.on. . -

a

. : e The m:ec]zem of cooiing of electronic 'equ:Ltment is made ccxnn.Lex by
~ the presence of hot spots on surfaces of comnouenns or assembl:\.es havin
_nor-unifori 4: 3on of surface he; vt ‘~pat:1.on, Tésiliing frem an

UQ

uneven d:l.strlbu’clon of i nternﬂ'l heav 8 “Tc providé Ior remcoval
of the;e hot spots per:.pnera.:_ Lsnrlbutlons of 1oca.L surface hea‘f'
.be ex*wlored a.s func’c,:.ou of cczmonent ar*an~emen* and au' flow cna.‘ a«‘ter-
. istice The. knowledge of. Dc-:r:.ﬁhe*a_:. m.strlbum_on aids effectively in
g . the elimination of hot snots and ir the reduction &f power- requuments,
o o ] it arrancanenus are¢ chogen in  hick max:mwn figat transfer csef '
- ‘coineide with usual hot s,,ou J-ucat -0AS o

, TT"e D‘LH"\‘JSG of tha orese t J_nv=stﬁ gabion has been to produce funda-
mental heat transfer *n“'or_uatv on waich would add to thé reguired
. knowledce for the inbernal dssign. of electronic eqalmcn’c ¢ocléd by

. : forced convective air Tlow. Literaturs survey has disciosed that seiie
preévious. work has been concernéd with the f‘ete“u_natﬂ on of heat trangier
coefficients .on bodies of shapes and in arrangements sizmiler to those
of cemiponeats ir electronic equipment. Howe7er; the czc.ta are oniy
applicable in part ard then mainiy in a quau.fatlve s:r.:e. 1iAatie it
formation. is available on over rall and Iscal heéat transfer coeificients
on bodies in a\’"t,s similar o comporents instalied in baillied passa;,e_s.

Dressare drop dabta on cross-{low cver bagrss - of circuler bubes ifi different
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arrangenents, althougn found in +the liter zture, ‘have not beéen corre-
JTated on a general basis. of tubular arranoemeq"c,, this render:.ng the
data inapolicable: to the presen’r. need,

Yost previodus 1nvest1gatlons wereé perforned undér actual o smu-
. lited. free-stream comditions. Reiher (7) and Hilpert (4, 5)* were the.
only ones who. mveotlgatcd overall heat traznsfer coeificients on sup=
faces of attual streamlinéd and squaré tubes arranged in banks and
singiys The data obtained by Reiher ob tubé banks were quab.‘batlve .
and exploratory: In gene“al non-gircular tubés give greater- heat o
transfer than ciréular tubes under the same temperature and 237 flow
con_@;:b:.qns., P:l.erson (13) a.nd thp (b) obt,amed overall heat transfer

81zes dl'l" sad in t.me oa.m(s for ootn heatlug ‘-" ccoL.ns of 43.;. g
Grimison (3/ at tano..ed %o correlate these heat trans;er coefflcn.ents ‘
but uséd an arslt“&w chésen tube arfangement as the reference basis
for presen\,m Thé da‘zta;, ‘I'he gtatie pressure drop Was expressed by a

'PI":LC ion Ffaébor baged on the veloca_t ‘head in theé m.n.'imum fIlow ares and

the numper of na,_,o*' restrictions and né attempt Was made %o corrélate
the data In teris &f (‘O'}Ilg'u‘au_ﬁn geomet.ry.

'éienf Around.

»1‘
&
'D
W
e

V*arla‘c__osz T st ;““ -.tra..s;‘
a1 ta reé al stream, was studied by
& v investigat andWen.ner (l’l_), Giedt (2)
. g 1nu:u.g and Cheny : iata 61 Sc‘;}'{mdn ané Wenner were ob=
> ta..ned for iséthermal cy. L}snders of three dift ferent diameters. Giedt's o
data weré for a pom-isothermal supfice, However, the c:rm:mferentla.x. )
vardaticn in surface temperatiure was 1e;s than 5°F. His 4-inch diameter
test ¢yidndsr gave relsbtivedy large Reynoids numbéers with faipiy dbw
- aiy velocltles., By means of naphtﬂapepa models, Winding and Chvny, =
. ploying thé ahalogy between mass add heat. transfer, also determifiad the
e -‘__--_-Vlrezr:;ﬁncnfm 'u:z_mla’rm o it unit heat transfer coefficient
‘ N 2d. and fiat tubes, located in ducts in.
bOC-L smgle and ok N.:)Te conflrlratloﬂs. Their datz could bé consi dsted
3 t e oox,alned from isstiermal surfadés. Some Jiscrepans i .

COIZ‘.chI'laO" o_ L.he\.e dz ua m_th tnos° oota:med :Ln

1

! auagoarea tubé ‘oan.cs was also ber ornef"
'm*c 'ﬁeﬁor‘.ed Fesul: ?Ls of qualit tlve inter—

For 95FiouS readons, the résults of prévisus inveshi gations are mob .
S directly appiicable to the evaluatisn of forced convechive cpoling ¢F )
electroni¢ comgunennss- iney 4o ‘no% ‘describé ciremlers glal ';a:r:atlor.
of teint unit hsai transfer coéiiicients around _zm_*ndz.al components in
tanis. mef' do conhain eor? relation 5% the cverall heat itransfer
coefficient ¢ dividual cemponents in bank with reszect to configmra- ,
tion g‘e‘cmetr:f, They &: not rslate the oveérall hneat transfer coefficients

‘See Bikliograghy s rsference,

¥




‘ of camponents in banks to thé imhererit static : drops; They indi-
: - ¢ate oy the circunferential variation of the podnt unit heat transfep
coefficient apound isothermal bodies, or nearly isothermal bodies, in
free air flow which should be appreciably different from those obtained
on bodies located in conf:med passages and havzf_n° large sirface tempera-
o 0 ) varlatlons. '

) cr
cr
| wiad
Q)
L]
o

s U}
a
1
Q

3 E)a
4
o

- . In view of the deficiencies of existing information, as applied to

) the problem of coo?u_n° of electronic components, the present invéstiga-

- - %%on was <condiucted for the fcllc...mg pﬂ'ﬂpﬂqes- (1) to determmine the
circuiferential varidtions of point wnit heat traaner coefficient £of &
simylated electronic component .Located in verious ducted arranoementb,

== (2) to-Lind the relatlonsh:.p between overall heat transfer éoefficients.
and flow charactéristics in térms of cani‘:_guratlon parameters, and (.‘3)
b0 détermine the air pressué drop across cné or several bodies in duictg;
correlated int terms. of arrangemegt geoietry, and +herg;ore qaalltatlve_y
‘and exactly apm;cable to coolln... design for 'elec‘trom.c ¢orponents.,

The sha p 28 of electronic ccoponents vary., They consn..at of cylm-
' e ders, pi?j_;ms and ¢ombinations thereof., Lne féﬁ5é in absolute dimensions
| ‘is aopveclableo This. gz-eat variety in shipe and sizé of ele¢tronis coms=
porients makes thedly use, for furdamental -exper me“lta,l studies impracticals
- - Therefore, it is necessary to ideaiize the problem for expﬂrmental ine- -
véstigation, 'I'he right circular cyl:l.nder here chosen for représentative

Studies becauseé of it convenient shape, simtlates many electronic com=

. . ponents such as tubes, resisiors, sealeq units and pobt:ed m_n:aatazu.zed

O o ;a‘sfsémblles,' Alsp, the basic data obtained from eylinders <ould be of
X - general uséfulness for o’cher purmses, in additica to the desigh-of edec— - -
- tronic ccmponent Arrangéments and the crientation -of :Lnd.:.v:;_d"'-‘ ccmy.,neg-;-_s.-

R ) on the basis of coincidence of their hot spot Jocations with maxima of
S B - ';pea.nt uait heat transfer, :

= H B - o T




1T, SULFARY

Sc()jgé” of inmsﬁ_.-gati'@;i =

_The heat trausfer and pressure drop rels _unsmps~ cf ¢yiinders
in -air ducts were studied. The direction of air flow was hormal to
the cylmder axis: Singie cyln.nde:ca, multmle cylinders in line,
mulbiple oylir nders staggeréd symmetrically about the ¢énter plane of
the duét, and mnltlnle cyb_nders staggered a,symmetrlcal..y m double
TOWS Were studieds -

Heat transfex"ccc".ﬁ‘re& from ﬁbﬁ-;is:o‘thermall surfacés produced by
héat flow from au 1sotnermn.1 elemen"' thrdough an J_nsula‘blng Jayer,

The temperature differentials so determined wereé used for the calcu-
lation: of po:mt heaﬁ transfér ratess.

The- é:._.g_e, of surfe.’c,e tempenature ch.f*‘erences, referred to the
cooling air, was frem 50 to 390 °F, &ir vélocities friom. 2 to 120 feet
per second were used, The gst cylmder diameber was: Y5 inches.
Duct widths varied from 2 to 6 inches. The $pacings of multip.l,e CF i~
_inders varied f‘rom X. 6 t__o 3- ifiches.

w-g

- - =

T‘pe perlnhera.:. varlatlons of the po:Lnt Nusgelt mxmber wére deter—-
wined from the test results and were corpeleted +6 correct for sirface
temnerature of thé btesh modst. The average iusselt numbers were cor-
teiated with the f£ilm Remlds number of the ail flow and were reduced
%o & s-irngﬂ.e relatlons_ 110 of the same form as found in the literature
Tor cylinders.in frée. 'A—'“*"_Lowr. Hr_ ication factors deseribing

euafiguration geanetry were devised by numerical analysis of the ez
perimental datas In similar manner, ~everall presswe drop data Fere
dorrélated by the use of configuration LaCtOPS fér each type of cy.l_m:-
der arrangémeni. .-

Tl.e most notemor’thy resu_ass n.a.y be so.m._ar:.zed as. fO.LlOWS=

-Lo- ?O

int heat tran sf’er we;fzelerus on c*rllrur:.caﬂ. surfaces in
ducts may vary fra= tto to 2100 per cent from the average value. The
variation é. a f.,unu_tion of tlne \,cuugr.:ra'*lo-; and thv flow rate, Ex~

pressed i
this wari
ratio vari at:.o'ls aré o’ota:»..;ed fo** :un—'.'.me arrrangements of ""{_nders,

the jeast for single cyhnders, A'lso with multiple cylinder arrange=~

ments, _g ater variaiion of thée ratic of yomtﬂ:o-avera - COET rfiéient
s obiair ned for closer spacifigs t,han for wider spacings, The oppos’i te
appiies for s_ng,le :"__mdcrs which exhibit inci zasing raiic variations

. with decreasmg duct widthe

2. Locations of maxizum and minimum heat tremsfer coefficients
are derendent on configuration and fiow rate. La;r:mm: covf‘" led uts on
single cylinders sceur 180 degrees srert, at the forwzrd and rear stag-
flation points. Op.- cylinders in Iine they océur 120 dEgreec 3.736-1‘\4,
a*‘*r’c:’c:lmat—'e.ly. 60 degrees on -thsr side of the ..O'f'?ic."‘d Stagnation
No. 41 - 14G87 e
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pomz:. un snaggered chu;ucLs

3¢ Thé dlstrlbu’clon and fiagnitudes of heat tranSIer coen.Lc:Lenns'
on the upstresm and downstréam half af a cylinder are only affected by
the spacing of thé upst¥eam and do mstre..m cyL.nder, respectlvely it,
is feasible to construct the distrd buticn of a cylinder with ufiequally
'spaced upstream and dowmstirean cylulders from data ob’camed with the
correspondlng two equal Sp«.c:mgs,_ ’ : -
& Cyb_nders arranged in a double-row asymotrlcaaﬂy stagge“ed
configuration in reférensé to the center plahe of the duet have distri-
butions of heat %“ransfer ¢oefficients which résemble a <¢omiposite 6f
. d:'..at:clb'atlons obtained with in-line aad Symme: u?':n.cally staggered arrange-
- hentss The: half adgacent to the duct wall éxhibits the distribittion of
an J_n-lme cylindeér, the other balf tha’c of‘ 2 staggered cylinders:
- 5. - Highes rates of dverall neat. transfer than for a single cylin-
der are ub’calnable from multiple cyl:_nders for the samie air finw e_ﬁé_:rgf
.requlrement Also, on the sane oa515, higher nates are obtainable from
aogered cyl:x.nders than from in=1ihe f‘yllnders,_ ] ' -

ba The form of the correla’c:.on .Lactors for rates of overall heat

traesfer of in-Iine and staggered cylinders indicates that Por -each

=con.f1gm'at10n ary "ptmm Spac-ing ev:.!_sns at walch the gre ’c.est qnantlty'

o _the 1east amoun’t. of energy to convey 1; e cool:u:lg a.:.r. -

. —_— . 7. Usmg symbols d‘e-_l-ined; in gne §éctieon on nomﬂnclatme on nc.ge 1%
o e folldwing ecgustions .a.-ré valid:

L R S - Ee for point hest ti'ansmr at ~the fors a;@_ 5t ?,cna’clen Do:Ln*b

ﬁﬁf(am‘) = G"Ff Ea‘e%i_(e,.-ve)'ln ;.
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. F = Fy o= (1x {378 I 1+ [(sy) - (087278, “Tx
E [181/ST - 1. Aé/sT

T ‘for sta: aggéred cyhnders, S
- — e ’ = s ,‘_,. = - ﬂrr?l
F o= Fz = (@~ ‘]1/8‘1') {l ¥ [(*'1/ ﬁ) - fQ/SQRer 'LO'
where £y = [15.30/5T 2. 26.80/8y + 4.1;)]
and 2, = [14.35/52 - 15.55/8y + 5.69]
¢, ¢ the '§r*“e“‘”"“’ daro p PEF cv.l_naer, _n genvral
\6_\;3)/n oITL C/’\if 5 R I
B for a -31ngle= 'cyl»_jgnd‘er,
ERNY - -_-- o -2:,;_7. .
B i . for imldme cylinder Sv_. o ___7‘,:-- ' .
= Y et , o
i o ) for steggered CJllnde_g; i - _ c
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”s!f% \huwsw( W) |

B e




The u].tlma* fobgectlve of thn.s study has been to p'rcduce design in-

formation which could be applied to thé 2coling of electronie equipment.

To meet, this demand, overall and iocal heat uransfer coefficients of

heated cylindrical bodies with non-uniferm raaigi neat fisw, arranged
sihgly or multiplky in ducted passagss, and the pressupe drdp across sSuch
configirations were detérminad. The hea transfér and ressure drep
data were intended to provide a Fational basis for évalustisn of the

. econany” of cooling sys‘e‘:.—ns from the standpoint of Leat removal versus
the roweér hégessary to ..omrey the requir ed air qtdntz.‘by through the
systam,

k2) mn_mm usa of _power for uov;m“
. : pcnents at aliowdble i&iperaturss,

- quirements were éxamineds T;ese Tari
(2) heat fimx, (3) fisw ..at e
eo‘.noneutso The rabge ‘

. . - ag ‘C&‘uﬂmaue.:._y 68
ture ﬁrom surface tc cook

air tegperature was 80 So 1

was 7 o 85 B"m per hsar

ct:a.ng +hese re—

i'
) suwrface témperatire,
& (5) Spacing betweeén

i P Y Y CYEVRIIESIGIRLS

o=y .L.J.' u..ic uc;—u’ Tans

- Tae range of ai¥ fiow r g 1S TET 8
foot of gross @id: 'ai"é—;o o i eSFrestindst air 7eist
{eet per second approzimatel; i I of 12
based on the dimmeter of aii - Tnshes

inghes wide were used. i
fanged in line, symetrlcal:' 'I*-chzs vd ard »s*mtrlcaﬁy stas'cﬁred in
refsrence to the dich certer liné were fxw“ 1. 625 to 3 inches

fl'{esi:._éia‘baﬁa' us. and 3 Kadels

N

The test sei~up consisted primecipaliy of a e ter-
1116 Se“tlo.f.. m_ th a Jh:uzup' 't.e srifl

arran semshiz Wwers
‘and imgbruienia-

:mst.al_eq, A deva.:_'.“-d sicst
tion is shown in Figurs le

. An éxpicded view of = ‘eyp’-a‘ £38T-3
The cylinders are a.m-anged in 3 staggerea 7
heated test cFiinder; showm removed from Iss mounting ring, is Fmirounded
by unkeated dummy cgh.nders, s sEmistens a =i \._pJ.‘: eempohient eom-
§1gm'at-icz:'-. Two 1.E~inch dismebsr internally nested sylinders were used
as test models. The comstructusz of the v Fiinders was basically the

- same. They sach coniained forr headi i
' thick shell of 'h"‘"""':' an asbestc:

per cent Fortland cemsme and IF ¢

w2

N - [ A vl -‘_‘ v
:ma-ﬁ*,‘ b L ITCH
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FIGURE 2 EXPLODED VIEW OF TEST aECTION
WITH STAGGERED CYUNDER ARRANGEMENT
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S - 2. +
cylinder, hereafier designated as cylinder &, was used in the gheel duchs

for preliminary exploratory tests. A Second cylinder, hergafter des:Lg-
nated as cylinder B, was much more carefully eonstructed and more com~ 5
pletely instrumente d than cyundeL A and was used :'Ln the aluminum ducts
to obtain most of the data presented herein. A cross section of test _
cylinder B showing details of ¢enstruction and instrumentation is shown .
m Figure 3. Temneratwe dreps across the ’T‘ransn.te shell were measured :
- means of imbedded thermocouples and were used to calculate radisl heat

f.J_-QW'.

For multiple cylinder arrangements, the heatéd cylinder B was used
with other unheated cylindeérs. The latter cylinders séere made of poi-
ished 1.5=inch dismeter alumimm bar stocke They were mounted so that
their spacings could be adjusted. THo unheated cylinders of 1= ahd e
1.938=-inch diameter, respectively, were used singly in piace of the
heated test cylinder to provide additional dats for the correlation of
préssure drops. : i

A detaiied description of the test apparatus and its instrumentation
are contained in Appendix I. The design of the héated and of the unheat~
_ed test modeis is discussed in Appendix H The test procedure is de~
SC“"lb""d in Appendix ITT.

Test Dats

Thirty different cylinder arvangments were te s‘bea in five duchbs of
different width, each 4 inches high. Yeasurements of c:rcmnferenﬁla.j.
temperature distribution arcund the heated cylinder A, J.nsteu.led singly
in 3=inch, 4-inch, and é=inch wide steel ducts were aota.ined over a range
of B.eynotds nunbers and surface temperatmes. ks explained in pages 55 to
56, these data were considered not relisbie. However, they are presented
in this report for q’zmltatlve comparison with the other test data, Meas-
urenents of circumférential temperatire distributions around te§h eyiin-

der B over a range of Réynclids numbers and surface tenperatures wmere
obtained far the eylinder located in 27 different sn_n.c,le and multipie
srrangezents in 2-inch, 3~inch, ard 3.I-inch wide alurinum ducts. The
casic cylinder arrangements and their desigpations are shown in Figure 4.
- longitudinal, diagonal, and ro¥ ziiches are designafed as St,
§E_g respectively, bsing muitiples of cylinder diameter de
ific tesh cor_lc'uramons &= ﬂne...a.z,ed m Tau I. The individ~s

1387 =10~
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. Table I,

PN

Test Configurations

as , Test Cylinder A in Steel Ducts

1, | Configuration |

Q
Den
5

_ <

Single
Single
single

) 200007 :

R 667
4.000

1

De

Test Gylinder B in Aluninme Ducts

| Configuration

(2]
i

3

ingle | .

g I 95

Ta-Line

<

. |
N
O LA

£y

o o

Staggered

T4 - p 'L\b-..!....‘ s
RYS
oy O

&
b

lEni
1.250
1.500 | ¢

Single_
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' Stégéer ed 0.576
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IV. RESULTS ARD DISCUSSION

N omeﬁdlat'tgg

A ‘area, sq. fb ’
C constant
d  diameter of test cylinder, ft
E heat input, Bfn per_ 12
f‘ co*zflgm'a‘blon f’actor in f‘:LJm Nussel*}nmbﬁr equa‘hlon )
@ mass velocity, 1b per (sec-sq £t)
h  surface heat transfer coefficieént, Btu per (-'hr-“-sq ft»'ﬁFj
K _radial thermal conductance of test cylinder, Btu per
: (r-sq £t-OF) 7
4 thermal condi etivity, Btu per ’h:fmsq :-°F per £5) |
Nu  Nusselt nimber,. hd/k
n numbe; of cv];x.nde; banlms, or eAponent er mr.m_‘f_\er -ei;i‘ sunface loea-
: tions .
‘hea# fluk, Btu per ('hf-sqr L)
Re R’,ey_‘x.lolds' mmlbe‘r; dG"/ f7]
Sy tra;n;sv{arse pitch, cylinder dismeters
S;  longitudinal piteh, cylinder diameters
SD diagonal pitch. cylirder diameters -
Sp -row- pitch, cylinder diameters
Syy upstream Y ongitudinal piteh, cylinder diameters |
Sip doﬁziétrg&gl longiﬁudinaj. pitch, cylinder diameters '
T tempe}ature, °R
t temperature, OF
&  duct width, £t
Y relative conductaﬁce
No. 41 - 14987 e




pelabive posifion on surfage of cylindeér, degrees from the forward
" stagnation point '

2

[XX) .

LD shbatic pressure drop across the -'Com.Lg‘UJ: tion, in. of water

P absolute viscosity, 1b per (ft-sec) :

P -Spe_ci_i‘fic weight, '1b per cu ft

Z - -sumabion of :

g ratio of specific weights p/'p‘ , & Stephan—Boluz:mann constant in

radiation equation, 0.173 x 10°8 Btu per [r-sq £6-(R)%

¢ modification factor

’\,/f - configuration factor in static pressure drop eq_u;a‘(;ion
’ Subscripts:
A area, used in Fy for calculation of radiant heat flux

ave average of point values
b bulk air condition
conv. convection

e emissivity, used in F, for emiscivity factor

£ film é‘onc‘&.tion based on Tilm temperature

-inside surface of 'I‘.cansrse shell of test cylinder

i

o standard condition, 2_9.92 in. Hg and a9°-F
rad radiat.ipn -.
ref reference
s . ox%tside surface of test qylj_ndei‘
15 ﬁﬂansite

X referrlna te¢ location of surface themmceouple

yi! referring to viscosity

Data Reduction

In 21l studies of heat transfer by foréed convaction the wmiverseliy
-

ussd parametsrs for purpose of analysis and izticn have bsen Reynclds

No. 41 - 14987 -15-
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nuaber, 3G/#, and Nusselt number, hd/k, which are indicative of flow
characteristics and heat transfer characteristics, resuect;.vely. Theo~
reu.gca.u.y ot expermem'.a.u.y uer,erm:x.neo. ‘=}q:res...10ns re.q_at,mg whe FWO
dimensionless moduli are generally sought to present and inteérprét the
résults of investigations. Examination of these two .oduli showa that
they contain (1) the heat transfer coefficient, h, a function of the
heat fiux and the temperature difference between the surfazce and the
fluid stream, (4) the mass velocity, G, a function of the flow rate
and ths cr:)ss_ section of the flow passage, (3) a characdteristic dimen~
sion, d, and (4) the physical properties of the flow medivm, # and k,

=hi ah ays 1!’.'\""5""' ‘f‘n Tard aticn due to shange of btemnerstg

e T e S e NS ke, CdaZH v Ve CLLACL GW WL Go

~ The purpo:se oi this invéstigation was the determ:mau:_on of peT=-"
1pneral va.r;.at:_ons 6f Husselt murber of z heated \,y]_’mder in sifhgie or
mltiple configurstions. Therefore; the exosr:.mental study was under-
tu.vsen principally to produce information *zzh_ch yielded values of point
heat flux on the cylinder surface as a functiosd of angular pesition
wclatlve to flow direction. The test models and particulzsrly cylinder
B used for this experimental investigation were designed to permit the
sasirament of lecal temperatwre drop aoress an outer insulating shell
t redial heat flow from an internal neat source. The point heat
flux =as calculated for any position by tke temperature drop zcross
the shell and a known point thermzl conductance of the shell, based on

the assumption that tangertial heat flow was megligible and that only

radial heat flow tock place. The point heat flux thus obtained made
possivle the calculation of the po:.nt kheat transfer coefficient, based
on the difference between local surface and air tenperatmeo

In the ca_Lculao:_o.; of Nusseél: number and RBeynolds mmber, the
C\._La.m%\r‘ d. of the test modsl was used as the significant dimensiens
The mass velocity, G, based on .&ra8s cross~-gectional area, was det erm::t

= e .

cauvnntlonaily by calculation of air fidw from the orificeé mster réa
ings..

, ; ental study, it was fownd necessary to determiné the ref-
grence ‘caﬁperattsfe for the evaluation of t--v physical properties of air
tc be used in the caleuniaticn of Husselt nmber axnd Reynolds number, The
to be made among the cameonly emploryed reference temperatures,

In new o’i" the large bemperature dif f_ encss wnich were encounbered
eT

£
O
IT‘.
O
(]
o

)
()

i.s. surface tem »eratm*e, bulk temperatime and film temperatare, the
latter being the mean valuie of surfzce and bulk temperature. 4 criterion
for determining the reference temperature was -ur._.sned in the co’rela—
tior of resvliis. Fc* this purpese, a number of preliminary plols of bota
the aversge Hussels ammbéer over ftre entire eircumaference determined by
grachical inisgraiion, and the poink Nusselt aumber at the forzard stag-
naticn roint versus I yﬂolds mmber were made for 2 singie heated cylinder
in 2=, 3, and 3.5=inch Test duets. 1in g1l the rlots, differemt reference
temperatures wsre ussd for the same test rums and the ecorrelalions were
cxnrared, The results of the comparison showed that the use of bulk tem-
Terziure as reiersnce mas de:"ininel;; inadequate, beczuse in similar test
runs with constant air flow, but different heat flow dus e diiferent

sirface iemperature, sev"ra; buik FBusselt oucbers were calculiatzd for the
same bulixk Heynolds nusber he correlaticns chiained witn 1111;1 referénce
tes-.-;;era*zmé indicated generziir oetier agreement than thosé oblained with
surface r—*erenc= sexmperaturs, &ccordingly, fim meference temnerature




[,

was used in the final analysis and interpretation of the test data,

" Methods of calculating point heat flux, point heat transfer coef-
ficier.cg, and other parameters from the test data are described in
Appendix V. '

For presentation of the Nusselt ramber distribution data, it was
desired to show, if possible, a singie curve for each bulk Reynoids
nunber and configuration., However, the film FMusselt mmber distribu-
+ion was not only 2 funckion of bulk Reynolds mumher but aldo of the
surface témperature level vinieh varied mth heat input. Investigation
of po:mt Nusselt mumber correlations with point Reynolds number for

- varjisms angular positions on the surface d.:.sclosed a genera_ly app]:.c-

able relationship, namely,
Nup = GRe fn ) - (1)

The exponént n varied from @oD to 0.76, depending on the position on the
surface, Similarly, preliminary plots of average film Nusselt number
versus average film Beyholds nunber gave the expression

)] 0.62

“Fu = Qailo
Ye(ave) YT r(ave

'ﬁi gi} i’(a've)j S (@

Thus, a modified form of the average film Bussel® mumber could be de-
veloped which was only dependent upon the bulk Rey"clds mmber. The

e

moditied IlJJI}. Husseit numoer wWas cmcbbcu as

N = 85,62
Bup( ooy Petave)/ ) :

Strictly speaking, the modification Iactor in the form l!"’f(ave )/ 16.02
ggs,an Xy .Le en.iy to average Nusselt mimbem. Hmever 1ts point values
¢, were utiiized to correlate point Nusselt runbers at
ferenf sm-face temperatures for sonstant bulk Reynoids mumber. The
exponent G.42 was a.ccepted as a represeni;atlve average value for the
entire range of the variation of exponent n in equation (1) for the pur-
pose of simpiifying the data correiation, while maintaining its aceuracy
within acceptabie iimits. Tne errors in meodified point Husselit nmmbers,
due to the use of "che constant exponent 0,562, ware 1n the range between

pius and C Einus one per cenv.

Test Data Swmary

Tabies II to VILil contain a sumary of the principai test data ob-
tained in the investigation. The range of configurations snd their
dimensions are wiven. Tne variation of flow conditions was indicated
by the bulk Reynolds number J-O’" eacn rm. Ikhe individual runs are
characterized by the average difference between cy]__nuev- surface mpera—-
{ure anc cooling air as wejil as the maximm znd miniemm film temperature
deternined from the measwred surface tzmperasture distribution. Ea zh

ar I".mlr.l‘ES

ibuti
run is further identified by a canital lebtiter and 2 grz-"ical point
tictia
r=nce at the bottam

symbol which corresponds to the designation of the part
grarhical presentation 1n whe Iigure indicated as reis

Hoo. 41 - 14987 1%~
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) J.n_allne_ca_xplgﬁ ions are vontamed m blgures 5:: to 38,

of each column of thé data tables.

Peripheral variations of the modified Nusselt number Nup¢, are
presented in Figures 5 to 34 for various eylinder ar'rangemeg{s

ducts of different widths., For cylindér arrangements symmetrical
with respect to the heated test model, distributions of Nusselt mmber
are presem;ed far 180 degrees of the periphery only. In this cate-
gory are single, in-line, and staggered configurations. For eylinder

a}e—anh‘gnﬂ\a"‘l"'u gqvmmc'!'r1 ""‘“ -‘l'!'h ‘!‘OQT\""“[' ‘!'.n ‘f'h@ +¢-Q+ ﬁnﬂ::" A N '6- qtag-»

gered doiible~ro® confi gnrah ons, d_l,s‘tnbx, tions are. nrﬂ=1°'rh° for

entire circumférence. The cylinder arrangements and the conflgura“
tions are given as pitch dimensions in terms of the 1l.5-inch diameter
of the test models. The designation of ¢onfigurations and arrange-
ments may be more clsarly understood by referring to Table I and
Figure 4. For each cylinder arrarngement, the d:.str:;bunloas are showm
at several different nominal bulk Reynolds numbers.

Some test runs listed in Tables "I to VIII are not contained in
the figures because they do not differ appreciably from other runs at
nearest Reynolds number. &lse, some of the low-Rejnolds number data
are not plotted because the circumferential variaticns of the absolute
value of pomt Nusselt number are aJmost insignificant. .

The tabies and figures do not contain the test data obbained with
in-line configuration and uwnequal longitudinal spacings. These tests
were run for exploratory purposes and sample data are showmn in Figwwes
39, 40 and 41 in connedtioch mth the detailed dlscussion of distribu-
+1ion curvess

Dzata on pressure gradients and overa]_'l_ pressure d.rops determined
in the experimental investigation are not presented in summarized form.
Representative prabsr:, gradients along the duct wall for single and

A noticeable general chamact.@r:\ stic of all distribution plots in
Figares 5 to 24 appears to be the better correlation of rums at equal
bulk Reynolds number but different temperatwe levels for low Reynolds
numbers. The spread amorg test points for the same position becaires
more anprecia‘b_ge at higher Beynolds mumbers., This rmay have been due
to greater turbulence and local instabilities of air flow., Saome of
the sorezd among the tech points for a pm‘tlcnlar curve for & given

" pemiinal brdk Reynolds number is undoubtedly due to slight variation of

he actual bulk Beyholds mmber for the runs at different temperature
levels. This may be noted from the data in Tables I1 to VIII where the
buik Reynolds numbers indicated for each cwrve are nominally equal bub
pay di ffer in some inghances by a=z nuch as twe per centa

-
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Tile i, uaﬁmyhmu ~uae¢mimsnz-mm(aa = 1,53}

Configimaticy | [ So-line, Sps 1.085] In-1ine, Si= 1,250] 1n-1ina, 3y 1.5&0]1»-1!».:. Sp= 2,000
/ o\ o) ;
s @ )y 5& Ny Y
AT S
2 7 S v
FYCEDS: 861154 3 T AR '
410 [ R EaRRR] ST LN R e e
) O] 91,700 248 233 |: T e e | P 47,660 |144 /169|166
B | O | 41,200{108 {170 148 | 42,300 (108|166 [136 | €2,100[150|2198{157.{ 1¢,200] 598|154 136 | €2,500] 97 |184]|13% |
g &gﬁgg;&.wmzﬁm ) 1| 7 l1e,120200|z24l277 %gmuuﬁ
: . : 170]200{165
¢ 0| 2,250 871321156 | 52,680 23160}124.] 32,150 86)141 (121 ] 10,660 [208 |152]135 ) 20,800) 52)124[216
O | %2,300{126 {210 (373 | 51,600 [126/171 1140 | |, 9™ |119(364{123 | 10,730 |29a(2858 {203 | =1, 700]{2¢0]179|15¢
© |-5,4%1266 286|214 | 31,700 392{213 1267 | 31,600 164208167 ) 31, 850/171]196] 164
D | o | .,100{325097 153 | A, 350 [1161168|286 | 21,200 |153| Z2( 172 | 5,545 [1581205/375 | ., 050]15 [a82]aes
. g‘ iggﬁg ,300208 2201170, i 9, 330 |234| 20| 224°] 23,300{173{196(169
B| o | 15,800{154 {108 164 | 25,500106|156 138 mémziomru ] T u.’aa:) -ﬁmxua
. | o j1s,800!27 12221105 |13, 780 1204235200 R y X : .
S | 15,790(256 |27 4 - R T I
PO {in&06602168] . 10, 800|314 266] 216 ) 10, 640 108{150(140 |
g ﬁﬁgiﬁggﬁéiﬁlmmmn" ) 10, 610 272 247| 208
el o| 5,011 awmiiva] 5,295]126188|140| 8,359|298| 282 ne ) 8, 250/ 110/ 152/ 240,
g :.ggﬁg $,235 13341 2431 250 + 5, 570 276) 04| 35|
: : ] 5
E|o| 2,360{x®enR178 ,
Q| 2,1¢0]2% [236] 22 1
© | 3,3|s72(2881255
gﬁo_ Fioare 8 Figzre 8 MO9 Pigare 10 Pigwre 11
mm. mmww.mmmms-mm(ﬁ,aam)
na.-mum[ single [Ia-lju. s,_- 1.083 | In-1ine, Sgo 1,230 In-line, sx_-l.aoe!k-uns, sg_--z.ooo]
' @,@y 068/ 55
)
% O ESFE TIGTS TISE ...,&-’V
alo m.mmw.'rm ;€00 gnum_ 74,050 | €1|146]15¢ | 76,000} 79142 154 ﬂ.u::-sé;_‘m
a | 66,000|167 | 206|188 | 74,000 {121 {192|152 | 74,100 /2123 (249}154 | 73,900 [119|168 14 | 74,000 22| 168 |156
© | #,000|220| 237 |1%¢ | 74,000{140[194(169 | 74,000|150]191]171 | 74,500 {162|184 {165 | 74,4600 (62| 154 |167
Bl a 64,450 791132126 | 64,5001 90/122]16 | 66,00 91[147]13¢6 | 64, 20| 891148|155 | 64,006 91|147 |19
o | 66,000 (190|213 |157 | £5,500136/1%6(163 63,500 |133/186 164 700 [134{178 120 $00 135{ 176 |160 |
Q | 68, 6001250| 252|180 | 63,500 (182|182 | 63,500 {180{210|18¢ | 68,400 [178| 202185 | 63,550 180|208 (168
¢ | o | s3,300] &7]152{126 [53,400] 96[196]138 |53,630] 5a(733|138 [33,200| 91[{156[141 {53,400 | B{15¢ 264
o | 33,300| 22| 255 {175 | 53,300(|12601196 |166. | 53,500 (156191 {167 | 52,500 (152 /197|164 |53,250 135|186 |168
O | 53,100|26¢) 267|198 | 53,500 208 [228(1m |33, 700 (2201 212|14) | 55,750 [198 |206{178 | 33,600 (197|207 {186
D| o 42,60] so|16:]155 | 43,100 78]1e2]125 | 43,200 7ajLi8]1s [ 43,200} 7211551124 | 63,10 | Vo[ Lok |16
o | £2,500(188 | 200 |11 | 43,000[155|194 |24 | 82,295 |150]109(164 | 42,960 [142|177 156 | 63,080 144|174 158
O-| 42,600 568,268 | 201 | 43,000{222]233|188 | €3,000 |216|225| 188 | 42, 500|202 216{18 | 62,900 [202]212 188
B o | 31,90 97[1561152] 52,230 #571e6/128 [21,050| P9{143]129 | 52,200] 74|139{128 | 82,200 | 74{238130
0 | 31,850 206! 2261178 | 21,990(178|208{ 169 | 51,950 |145{158{170 | 32,000 {180 189|166 |32, 400 (158|125 |158
10 | 31, 801290! 270|208 | 32,200 |262|347{190 | 32,150 (234]247|19% | 31,000(219|224 192 | 32,40 (2082037191
| o | 21,300i116]172|246 | 2, 300|166 1199146 | 21, 80 |159|152{ 168 | 21, 550|153 185|166 | 21,300 1661180 166
1 0| 20,930]184| 216|179 | Z1,100| A1s|233|292 | A1, 150 {206 | 2261152 | 22,200 [159[213|188 | 21,230 192|206 |125
o) 2,390 0s! 298 g | 2, sl 2talosalns | 21 400 lz10]| 2471208 | 2,660 1251 1222|194 | 21,700 (260 | €19 1194
G| o | 13,898i164' 154|166 | 10,6¢0{134[126]160 | 10,720 {151 {172 155 | 10,600 [146(178|161 | 10,690 |141 1731158
O | 15,8:0|240) 259|198 | 10,6401 222 222199 | 10, 68D 123712221196 | 10,400 1229|220 197 | 10,660 (220|215 193
O | 18,910, 314 2761226 | 10,620{314{375 228 | 10,650 | 208|263 10,320 {294 | 260 {227 | 10,7™ 296|250 | 219
K| O | 10,690{106}147' 150 | 3,310(|135|1668]153 | 5,360[134]162{150 | 35,335135|155|152 | 5,360 (126|155 {144
o | 10,860{260{2¢2| 208 | 3,290{222|217/19¢ | 3,330 |20[209[191 | 3,300 |20|207[189 | 3,36 [206(199 1153
| O} 10,810 3ms] 21 {200 | 3,295,347 |28%(2¢7 | 9,310 399({273(247 | S,510|32¢|270 |23 | 5,360 |510/ 2601255
I1{ o] s,3c} $8/1a0{l0
ol s, 05|29 nef19s
o | s,315:82| 59| 2=C ) i
rm;q Pigws & | Figme 12 Ngec I3 Pigeero 168 Plgica I8
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Table IV,

Ma Sumiry fox Sinelc exd In-Line Cylindeiv in 3.5 Inch Dt'~t 8y = 2.&3)

Ccnrlgurauou

P Si:ﬁéla [u‘x—;inc, ¢L~ ‘.S&‘r[k'l;:e, s;g 1,530 lxn-un. ‘Szm 2,500 In-lne, sp= 2.000]
5 77 7 ok LS ///
gov e"*@’@vw@’f@wv@ @*“’v\’; “v\\
S ez 528
2o me (10 62,100 &3[150] 142 | 62,300] 78]130]140 | 62,450] 78[150| 140 | 62,600 79|14B[182
qa 62,609 236|250 1186 | 62,160{1741209 1183 | 65,100{17:]196[176. | 65,000{172(198177 | 63,000{177 {194 [180 .
b | a.l55,200/128[177]104 [51,250] 9sl1s8l1es {52,000] 90i358125s {32,000 esirselres |51, 600 91]256 148
0| 53,050 | 256266198 | 32, 200|184} 222] 389 | 52,400] 200216190 | 52,400{197 | 224! 189 | 52, 600|159 209|192
¢ | o | 41,400]126 186|152 | 41,450|106|171 {152 | 81,500} 100;166! 152 | 41,500{100{162150 | 41,600 98l158[0| S
-1 7 {3 sl.4so|262]268] 208 |41, 0022220 200 | 42, 200{215]216]186 | 42,2001 204 |220{ 184 | €2, 200|204 205 {188 | :
p | o | 51,100{299|192)258 | 51,4500222]174]150.| s1,450]127 168151 | 31,420 1201162} 248 { 31, 50|138|160 1252
f 9 | 82,0001269|273}215 | 31,430 238/ 2421196 | 31,4001 226 [2341199 | 31,550|215 218|191 | 31,600 |214| 2121295
B! o | 20,800{1561202{170 | 20,500' 148} 188|262 | 21,200!1657 276 355 | 21,1701 154 ]88} 152 | 21,150 {127 | 168 | 152
C | 20,600(412{273)218 | 21,000,278 266| 212 | 21,000 278;260‘218 21,000 256{ 261|212 | 21,000|251]208| 216
7| c | 10,550{176{1901154 | 10,550{1¢0{150}170 | 10,340{162; 189,172 | 10,316|1s0184| 187 | 10,550|147 (280 {167
~ | 3 | ©,320{529|276| 234 | 10,580 306,270 254 | 10,580} 5082661235 | 10,550{250 {258 228 | 10,600 |262{ 251|228
6ol s,a0slz02l197/178 | 5,275]1961197 000 | 5,5000155]392 176 | 5,17011821158]180 | 5,1701176]156]182
o] 5,299.5772?2264 5,260)375| 296( 268 5,250.5_6929-‘»:209 5,240/ 348|285 236 ;,mwmaé
ajo! 1,770z8l;el192| N ) '
O 1,765]3901296| 274 . } i, i .
Bof,’ Figare 7 Figws 17 _ Figurs 15 Pigue 16 i Pigurs 18
iabis V. Data Swrassy for Staegnrud 711:::!.&-3 in 2-Ineh Dust
) e  gers figuraticn, | Spe L3 51"' 1.333 S 1.333
stagEeFed | (S8 Cr%7,§ 0 1167 e 1:388,550- 2,250 5 1= 1,045, 8pm 1300 o o
_‘5% S DD
o/ S AT/ s
ROl f% Q_ﬂv g‘,‘"ﬂ""} ut -a'.‘c g-"""’ Q_‘)'.
3] 0 [3,700] 97(157[138 | ©3,000] 57, 166|163 | 32,800 102]154[143
o | 35,4c0[128{176|150 | 55,950|12611821154 | 38,600 |1o¢ 183157
< | 35,800 {160{194162 | 40,000{162] 201|166 | 44,530{170|202/170
B | o |al,500| $8/141}10 | 31,200!208 {1651 J.l.mlﬂ?lﬁlw .
- 12| 3,300] 150! 1501155 |41, 1501 162i 200 {14¢ | 21,720 1681154 165
& | 51,050}176 0al 168 ] 5100t b1 12161178 { 01750 208 210 (175 |
© | O | 21,100]125( 1711146 | 20,80 127|182 (157 | 2%, 200,1581174]150
O | 21,060]162]156|163 | 20,8201170]205 1173 | 21, 200|184, 200|163
o | 21.080| 23| 228] 185 | 20,840 200} 2:8{156 | &, 150|2¢6{ 27156
D | o |15,610]131]179|155 | 15,5¢0] 105|185 | 161, | 13,650 {161 286|162
a | 13, 00{178| 207|174 | 13,3801 122{ 713]182 | 15,650/ 154 2261184
o | 15,3590 1240] 261|356 | 15,500{ 245|251 | 208 | 15,20 | el 53| 212
E | O [10,35%0{1e8|180]154 | 10,400{133]188 1250 | 10,660 |1£2{175{158
0 | 10,53¢|202{ 2081174 | 10,4001 2061 215 | 180 | 10,430218! 2121182
o | 10.820( 272} 246|201 | 10,400 280! 22| 206 | 10, 600 |256| 234|213
70| 5,260{176|192|167 | 5,25 |124|2C2/174 | 5,310]196] 2001175
o 526 |2e5!232|198 | s,231262}207 1208 | 5,3501282] 266 120
ol s,15sl2ma|s5|218 | 5,330 504260238 | 5,040(325| 268 | 227
6] o] 2,105!1s3i1ve|15a | z,120{82]376 a8 Llmiiesiigiiirz
al 2nc|nexé|1se | 2,51 220/ 208(222 | 2,120 [254] 228, 200
Lo} 2.u1san402s7i227 | 2,1300022 2444223 | 2,12,380{ 250|352
Eef. PFigere 20 | Pgme 3 Pignrs 22
No. 41 ~ 14987 =20




Table VI,

Data Swmary for Staggéred ?}'Mem in 3-Inch and 3.5-Inch Ducts

Sq= 2,000

Configuration, Sp= 2000 I Spm 2338 S 208
staggerea 1= 0.576,3g= 1.153 [37= 1.000,5p= 1.413 [Sy= 0.673,Sp= 1.347 pog= 1.167,5p=1.630
/
i ,4:._\/ //'\/ K-yy A
% o & < 6-
6§'§ 1-_ “w, o\-'b »t" <* n \" \h Y, 9’-0\.&\' \.'v ot
o 5 ity 5" & /
a | o |27,820f128]170] 146 51,750| 37 14.6_1.54. 62,500 u_ Ta7{157
| = |27,810(15¢|190[160 | 735,800 |134|168[152 | 51,700|128|188]164 | 62,500 162 156|176
8| 6 |21,550(114]165]140 | 64,500|150{178]160 | 41,300] 62]150139 | 32,100} 81 (1501142
| & | 21,500(199|212|174 | 64,3501175]182{170 | 41,500{152]193|168 .| 52;030 [181 205|188
) ¢ | o |16,100}149|170{158 }53,750|164[186|165 | 40,410] 71[152(108 | 41,850] 88[154|1e0
| o ].15,790{224|254 1182 | 55,950 12011205 [182 | 20,410]140 [192{166 |-42,000]186 | 204|182
"B | ¢4 10,600]153[150|136 | 4,150(176]150|167 | 20,980| 85]130]|135 | 41, 200] 981162149
T | 10,450|256{ 248|154 | 40,150{28/216]188 | 20,550]164[199}168 31,200/192| 224151
£ | o L a,00] 6911291139 | 42.0001187| 2061180 | 10, 200) 95163146 | 22,000 |116 }167] 152
T 1 3,905 |1680]193 | 1691 52,100|2581253]202 | 1D, 210|154 | 218|184 | 20,580 227|230 22
__ 1o | 5.250]92]21|a8: I 11 1.
P | c | 21%[17s(172{152 N 1
c | 2,140{is0{238]1¢8 | :2,220:209220{195| 5,220(126{177}259 |.10, 3501126]120| 165
12 | 2,170|s44]268]250 | 21,000274]256 222 | 5,245|244 |24412097) 10,520 240 |246] 218
e | 2,15(59|288|248 i . . .
cle 0 10,700{2¢2 226196 | 1,745]160]188|172 | 5,250 |154 [181{166
a 10,650{2571261|224 | 1,740 |2661298 | ‘3,245,299 |262[20¢
‘H{o |1 s,s40[270|238| 209 i 1,780 |178|183{1 71
o g 5,306{331|274 {262 1,770 330 | 267] 246
* 1l¢c 2,175 [250|204 {188 | ] )
o ) 1 2,1701s73{280| 234 . N .
Ref, Figure 23 ’ s-jg,,,, 24 1 _?‘i.g:g:e 25 Fipme 26
Taple Vil. ODeta Sumary for Double-Row Staggere" Cylinders in 3-Inch aod 3,5-Inch Ducte
Dudt Tidth ; ' 3 Inches 2 3.5 Inches
Conttgwaticrn, | Sge 0.667 Spe Ca 667 ; Si= C.857 Spm 1.000 8g= 1.000
stagser, double-rom [Sp= C.353,5p= 1.C83 |Sy= 1.053,5p0 1. 250|5e 1.545,5p= 1300 sye 0.576,5pe 115357 1 /g,, 1.4
-3 ; 2
)
) L (S5
\'? N N 3 "%
IS IERE 54,000 1511 5150 129
el| & 54,000/128{1 1sz 142
= E 50,450|158 150 150 157
=|e| 33,490] 156, 18 158 153 186
el 124 $3,000] Lb|: 142 1s2 130]
el R 17 £3,0001137| 1 1% 15 16
Lo L 156 5,100 165/ 2 164 155 164
_ - 3B 146 42,100170| 2300157 1168, '4{201{172
¢, oL 144 41,800 147 190l1s¢ 34,500 150190152 | 20,750| 1087178 | 147 | 31, 600 |63 355|157
S| R 2450 Ls4 41,8201 1481 185 1163 |'55,550 | 15411821162 | 20,780/108'174 148 | 31, 600|101 161{ 144
9| L} 2,£60[184/215)158 | 51,950184! 217,174 | 53,0001186|214|170 | £1,000{240 247 185 | 51,600 |204| 214|180
O | B | 21,350|174]150{138 | 41,050]187| 205|186 | 5:056 150/ 208183 | 21,000] 226, 284/ 185 | 41, 400|210]225{ 192
) D|o| L| 10,500({176210/163 | 2},150|166| 206165 | 42,550 |181|210/169 | 10,40 Lsalms:m 21,050 {114 162 140
o | B | 10,300{180|200|178 | 21,200|168] 158,176 | 42,500(187| 203|140 |1C,+10|148,235 156 | 21,100 (116} 164 14
G| L | 10,500(210|250{180 | 21,200 216|225 [185 | 42,550 225|234, 186 | 10,370 | 262 (268|210 | 21,000 |249| 26| 156
13| B 10,500|214/220/155 | 21,200| 219} 2261156 | 42,700|225|226(158 | 10,570| 278, 272, 212 21,050 |230|243) 207
5 B.o| L| 3,35]199]221)186 | 10,410| 205! 228(152 | 51,400[195(225]185 | 5,245[160! aqllaz 10,410 | 129] 182! 160
¢C i Bl .3,300{207|208|153 | 10,410|20¢| 236|200 | a1,600{200(226/158 | 5,225]160'15¢'168 | 10, 4G 1x5]175; 163
ol L| 5,250|2:6]248]202 | 10,410| 260 250|207 | 41,65C |3a8| 230/ 206 | 3,256 312 276,223 | 10,250 z&a| 770|225,
ca | R| 3,253]256]236] 207 | 10,410{ 260| 2e6 |04 | 21, Q101 2mnl2a7ins | 5,230| 415 272228 | 10,280 |274] 265] 231
P.c| L] 2,1620189[195{164 | 3,250(238 236]136 | 21,250]215( 225187 | 1,751)176' 151 170/ 5,245|168; 194|171
e R| 2,175)1685,182{162 | -5,2865|232) 226,203 | 21,500 23 ) 223(197 1.mim':.as 170 | 5,260(166 187|173
o| 1| 2,119{303{263(2A5| 3,305;292 264|236 | 21,400{282/ 257|209 | 1,761, 372|266 258| 35,210{a20( 282k2e2
o} R| 2,163]298{245!212| 3,400|28%| 254|228 | 21,200]286] 255!22% 1.a<;|m 395,262 $,21Q| 14| 272 248
glo]l £l d " 2,122 208 210{182 | 10,470! 270] 259 215 H 1,7&1 | 204|197} 17|
of R 2,1201 209| 20615 | 10,500| 268| 250| 22 | SO T | 1,782{202! 150{ 177
ailt 2.1.201 5300 2801 24C | 10,5101519| 286] 242 : ' 1,773, 488] 0| 267
5 al R 2,121} sa0] 272] 2¢7 | 10,300{ 413 274} 240 [ ; 1,770! 385|291 266
Elol L | 5,345, 296| 255|210 R !
ci - {z 5,330| 285} 246! 220 i & . f
o| 1 i 5,295| 389! 254 262 oo ot
cle i 5,255 a4 283|251 ro e
jolt A 2,121| 252} 227197 N R
bole . 2,120{ a4 223y 306 ' ol
la: & | L1 2, 156| 57| 00| 258 Loy ;
faie i A 2,135{ 390] 253 265 oL | l i
R, Pigms 27 Pigure 20 Figee 29° Pigure 30 Figors X
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Table VIIL. Dsie Swsary fir Singls Cylindsr in S-Inch, ¢-Inh
st ¢-Insh Dust (Sg = 7,000, 2.666, 4.000)

aloe
- loej}
I Blo _ 555 JL.2
| & 1 o 142,050 236 és pge | 41,530 [1e6 [1os 171 | 23,950 fes 268 fz0a |
o | ola1,360] 36 N33 136 § 51,600 [lee 297 [157 | 10,580 [2e¢ {262{151 |
aj - ; 31,445 246 |266 1215 _
B | O |2,135 |260 [256 N9e | 20,900 | 58 148 127
o . 120,950 Pes 197 160
O 20, 550 (286 261 (200
. ) i ) o ) : N ) o ¢./ﬁ_r
Fio mgﬁg.wf 256 1204 | 10,350 1244 1256 (205 m R
'H'e.!.' | Fgwes2e | Figwe 53 _ Pigwre 346

Bots: These dzta wore obtained with teet cyliedar & locatod in the
gtsc) test duste. éammmﬂ;etm.mm%yof
these date iz doubtful. Howgwer, for parposs =f cempsrison with
referenss data, these results agre qunlitaﬁ‘mly secaptable,
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Peripheral Distribution

General inspection of the distribution curves in Figt.res 5 to 34 for
all ¢ylinder arrangements shows that they are fundamentally of different
pa‘cd'.ern.s° The modified point film Nusselt number and consequently bthe
- point heat transfer coefficient on the cyllnder surface may vary $60 to
100 per cent from thé average valué. The locations of maximm and mini-
mim heat transfer coefficients on the cylinder surface also vary with '
differext arrangements. However, for a given arrangement the distribu-
tion cwrvas at different flow ¥ates are essentially similar to onse

snother,

The relative circumferential variation of Nusselt number, as well
88 the influence of bulk Re nolds ninber and confi guration on the dig-
tribution are shown effectively by distribution plo bs of the ratio of
point-to-average Husssli humbers Figuree 39 teo 51 sontain representes
tive ratio plots for the configurations investlgated. These ratios may
8isc be i"lbt:?pxcu%d a3 point-fo-average heat dissipation rablea o= ag
relative point wnit heat transfer coefficients. The variation of these
rablcs is showm to be greatest for ip-line config\ma’cion and least for
single oonﬁgm'ationc

: In eeneral, the variations of the ratios of point-to-average modi-
fied Nusse].\. munber follow the same trend as the Nusselt nuwaber distri-
- butions. The ratio plots emphasize several distinctions which are not
readily apparent frau an inspection of the Nusselt number distributions;
namsly, that the range of the ratio variation increases with a decrease
in Reynolds number and a decrease ir configuration pitch and that at
higher Reynolds numbers the ratio variation tends to beécome independent
.of flow rates., For all multiple cylinder arrangements the range of ratio
variation increases with decreasing duct width, %he onposite acplies for
single <::,*':L.\'.nde:c’sa Also for single cylinders, the range of ratio varia—
tion appears to be only slightly affected ny a cnange ef duct width from
3 %o 35 lnCheSQ R
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1. Single Cylinders

The modified Nusselt number distributions for a sifigle 1.5=ihch
diameter test cylinder located in 2-, 3-, and 3.5-inch wide ducts, shom
respectively in Figures 5, 6, and 7, mdicate several singularities. For
bulk Réynolds numbers be.Low 10 oo correspondln, to a nominal velocity
of approximately 15 feet per second the maximum point Nusselt number,
and hénce the maximum swrface heat transi‘er coefficient, occurs at the
forward stagnation point of th2 cylinder (& = O degreesj For Reynolds
nunbers above 10,000, the maximum Rugselt number occurs at the rear stag-
nation point (& = 18»0 dégress), The mininuii values of Nussell numbsr
oceur at approximately 106 to Lid degrees from the stagnation point for
the '!0":est bulk Reynolds mmbers and shift to approximately 87 to 97
d°g;re from the stagmatisn po-r nt at the higher buik Revnolds mmbers.

The varlatlon of pomt, Nusselt numbér in the per:.pnera.l. region
near the stagnation po.x.uu is almost negligibles This region of uniform
heat transfer exbends to 60 degrees either side of the stagnatlon point
- for the 2-inch wide duet and o 20 deégrees either side of the staghation
point for the 3.5-in nh wide duct,

In "&he m;der duct, the distributions resemble those obtained in
free stresm tests. In the narrow duct, the wiiformity of heat transfer
over the forward one-third of the periphery must be ascribed to the fiow-
conta:mmg effect of the ducte. )

A oigni.icant feature observed in F sur=s 5 byand 7 ig the
shift in the locdc,:.on of the minimm Nusselt number mth auc width and
Reynoids numbers Accerding to Fage and Falkmer, as cited by Schmidt and
Tenrier (11), the location of‘ the minimm Nusselt number is associated
with transition from laminar to turbilent flow in the fluid ITayer ad-
jacent to the surface., Therefore, it appears that lower Reynolds mumber
and nzvrower duct width which contribube fo the resboration of wndisturteéd
fiow conditions downstream by virtue of smalier dymamic irertia and a
greater containing effect on the main s»r°am tend to retard the "CC‘UI‘I“"D.\,G
of transition. . g
- The effsct of this retardstion is reflected by the fact that the
ratio of the average Nusselt numosr of the downstréam half to the average
Nusselt number of the entire cylinder increases with the Reynolds aumbsr,
Schmidt and Fenner (11) have shown thzt when zrtificial turbulence is
murouaceo. by means of an axial interference wire on the upsiréam swr-
face of the cylinder, the location of the minimum Husselt pumber shifts
apnromtﬂv 20 degrees upstream and the averzgz Wusselt number of the
‘back half of the cylinder is raised appreciably. Thus, the réduced ratio
of averzge Nusselt numper of the dowmstream hzlf to the avsrage Liusselt
number of the entire cylinder at lower veloc*t" apnzsrs to be the conse-

guence of weak turbulsnce dus to retarded & ition czused b7 cec ezsed
velocity.

ion of
the pinfmum nt hest
traznsfer tiocs of
voint-to- zre shown
at ssvera 3.5~incn .
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each duct width,

4 Aa:xn-l-c. 'l{a_cc!n_\an"' sl l

L

g of interest to n

c‘*’
L

e that for

the ratlo—varlatlon is greater for lower than for higher
Reynolds numbers and remains relatively constant for Reéynolds mumbers

greater than 30,000, At 'L{llu Reynolds number the maximum range of point-

’t.o-average heat transfer co

J-r@m 0 6 e 1029,
0.4S to 1.52.

B, 5=inch wide

efficient ratio for the 2-inch wide duct is
while for the 3¢5~inch wide duct the variation is from

The corresvondlng relationships for a Reynolds number of

5000 aré 0,45 tc 1,38 for the 2-inch wide duct and O...»8 to 1l.45 for the
duct,

b Toeas W O

e 5

gures 8 to 19.

2. In-line Cylinders

<

ach 1o ate_d in a 2-1n h a 5—]..”1(.‘h or a Oa:)“mCh mde duct are shorwn in
i

These u;.strlbu tions differ quite markedly from those

obta.._ned for a single cylinder. In general, the maximum value of modifiéd

Nusselt numbex oc
whilse th
mately .L-—O deézgres

curs approximately 60 degrees from the stagaatlon point

ninimum vaiue cccurs either at the stagnation point or approxi-

s fron it. The magnitudes of the modifieéd Nusselt number

in t‘qeav locations are approximately the same in ducts of same width at

the same Heynolds

A second maxdmwa value <f

approximately 110

nunber, irrespective of spacing.

t¥e modified Nusselt mumber occurs at
degrees from the stagnation point of the test model in

a 2-inch wide du;i:& ‘T.’ne _Larq,.,uw of the second makinm is considerably

lower than that of

fiection ¢f the distFibusion curves

In du is of 3~ and 3.5-inch widths an in-
oears at aooromate.\y 110 degrees

4 Eh\ e S't.

1)

Irom the s:at;-m...on point.

v distribution curves should be ex—

e al?"f‘e*e ih Husssit mEy
iron stuo.:es o: grlander a.rra.r*ge:zcrtts and flow direc¢tion. In the
the 3G °T the air siréad impj.. ges dire ulv and nore-

3

L.iu

5 Y

2

RAN:
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o]

snolds

Y et

I
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*évs'r al crylinders

e;-m 10lds nimber of

whare the boundary lajer starts to
gner heat transfer coc';lcle‘fr!' However,
; srranzed in line, the stream flowing
ively nsrrow open :x.n.g between the upstream cylinder and the

?.

L Imp _-es on the upsiréam half of the dewmstrean test cylinder at
on ither than the forward stagnation poink, The fléw at the nar- )
vening betweer The upsiream c"1 ndér and the duct wall is essen-
raiiel Lo the dn‘..t i tuh is deflected toward the duct center— .
e regicn upstream =f the test e¢ylinder, resulbing in impingerent S
tely 6C degrees frs: the stagnation points Alsc the inpingemént
a higher lzcagl velocity t-;;an in the case of the singie cylinder

- apoareht from theé relative magni-
the "l".x.J.'I"a and the single configurations at

mmber and duct width. For example, in a 2-inch wide
i3, 803 tbe maxingg podified Husselt nimber

at the stagnation psint of a s:.rﬂe cyiinder is 177, whils thre
dified Hussell number for line cylinders occurs betneen 50 and
cr: the stagnabdiorn -moinv and has a velue in the ranze from +20
3 r znge from 2, 0C to 1,5 diemeters.
25 locztieon of the maxdirmem hsai transier
128 tier presumebly dependent on the im-
locity. fiected by cyiinder spacinge
Loe &0 - 12327 -3~
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The location of the maximum heat transfer coefficient appears “bo
be somewhat affected by duet viidth. For example, &b sgual :spd.b.u:.v of
1.083 diameters, the location of the maximum Nusselt number is shifted
from 60 degrees for 2-inch duct width to 67 degrees for 3.5~irch duct
widthe The effect of variation in spacing is the same ih the wider duct
and causes a shift in 'the location of the maximum pon.n’c of up to 10 de~
g}.'eebo -

When comparing the values of the maximum Nusselt nmumbers at
ifferent ducht widths for equal Reynolds mugthber, an appregiable change
s noted, Eor exzmple, the mean value of thée maximiam Nmse'l , nrabers at
Reynolds number of 10,700 for all the spac:.ngs used in the 2~inch wide
duct is approxma'tely 340, Thé cofpardble value at a Reynoids number one
per cent lower in the B.5~inch wide duct i aphrdscinately 187,

nApﬂnae:'!!" ative weriations of poini~to-average ratios of héat

transfer coefficients for the imn~iine configurations are shown in Figures
42 to-45 for two spacings, each in the 2-1nch and the Bs5~inch wide ductse
Curves for three cylinders arranged in line with longltudlnal spacings of
7..083 and 2:000 eéylinder dismeters in the 2-inch wide duet are shown im
Figures 42 .and 43 respectively. Curves for these same configirations are
ghown in Figures 44 and 45 for the 3.5~inch wide duct. These arrange-
ments represent combinations of ileast and greatest spacings and duct
widths, The ratic variations of the intermediate ireliine arrangements
fall approximately propertiohately within those of the deseribed arrange-

. ménts., In general, ratic variations are grea.te at lower than at higher
'B.éynolds nunbers. It may also be noted that for a given longitudinai

spacing the ratio variations are greater for the 2-inch wide duct, than
for the 3.5-inch wide duct and that for each duct width the ratic varia-
tiens are greate'w for the closer spacings than trey are for the wider
spacings. For example, at.a Reynoids number of &:, 000 and a iongitudinal
spacing of 1,083 diameters, the variation is 0,50 .0 1.96 for the 2-unzh
wide duct while for the same spacing in the oeaumﬁh v:::.de duct the var-
jation is about from 0.53 to 1.75. A% the same Reynolds mmber for turee
¢ylinders in-line in the 2+inch wide duct, for a longitudinal spacing of
2.00 ¢ yln_nder diameters tu.e variaticn is fraoa 0.2£ o 1,59

'l'he indicated v_.rlatlons ghow that the effect of duct widih on
the relative distribution of Nusselt mumber is not very great, alihough
noticeable, and tends to reduce the variation with increazse of ducht widixz.
The effect of spacing is somewhat greater and evidences itself in re-
duced variation for increased spacings. In compariscn to the variations
obtained for single cylinders, thossz for mm.‘.:_p;_e ﬂvdL_aders are greater.
They do not differ m _,a’c.ev-:u_a.]ly in respect to minimm rstics bub rmay de ar
to 50 per cent greater in respect To maximnm ratics. ‘I"us again cointg
to the sizable spot cooling effect produced by the impinging air fiow

_originating at the minjmm cross—s=cm_ona.r_ ficw area between the duc® and

the upstream cylinder.

Figures 52 % 5 shom s&v Tre
Nusselt nurber for thres c¢ylinders in lirne 'mt-rl
stream and downsiream aac:r.g Tae 4i i

s 4 : Jse
resemblance and comparable y.agr ’:a des to those with evsh spacings in a
duct of the szme width., Remarkable similszrities are ooserved when hie

}€0. ‘.4.‘1 - 1495 "'5_'\."
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frontal distribution and rear distribution are compared individually with
corresponding distributions of in=liire cylinder arrangenents with even
spacings equal to the upstream and the dovmseirsanm spacings, respectively.
This comparison indicates that the distribution for unequal spacings can
be considered as a canposite of two distributions for even $pacings and
that, consequently, the former distribution mey be estimated with reason-
able accuracy by combining half distribubicns obtained foP equal $pacings.

3o Staggered Cylinders

45 showm in .F“ ures 20 to 22 the three staggered configurations
in the 2~inch wide duct h avé similar pro;lles and indicateé that the maxis
mm Nusselt number occurs at the stagnation point and that minishum values
of approximately equal magnitudeés occur at about 100 degrees and 150

-degrees from the stagnation point, The two distributions for staggered

cylinders obtained in the 3-inch wide duch are widely different. The data
for the closer Spacing shown in Figure 23 indicate a maximm value of
Nusselt number at approximately 45 degrees from the stagnation poidt and
a minimum value at about 120 degrees. The maximum Husselt mumber for the
wider spacing shown in Figure 24 occurs at 27 degrees while the minimim
value shifts from 105 degrees at iow Reynoids numbers to 155 degrees at
higher Reynolds numbers. The two staggered configurations in the 3.5~1nzh
wide duct also differ markedly as shown in Figures 25 and 26. The maximm
Nusselt mumber for the closer spacing occurs at 35 degrees to 45 degrees
from the stagnation point while the minimum is i60 degrees. The distri-
bution for the wider spacihg 1s comparativeiy fiat with a mexcdimum Husselt
number at the stagna*ion poin and & minimm at either 95 degrees or 153
degreess The distributions for the cleser spaelng s both 3- and 3.5-inch
wide ducts show a fundaméntal pattern similar to that of the_mw.:_me con-
figuration except that the maxima occur at 45 degreec and noi at 60 degrees
from the stagnation pcmt, as 13 the case for the in-iine dafiguration. It
is of interest %c note that in these arrangemeénts with closer spacing. twe
maxina of equal magnitude occur at 40 degrees t> the r:!_gm and the ief% of
the stagnation poinh, whiizs oniy one MaxXIwIm, Manely af The S"Cao.‘_a.tlo.t.
point, cccurs for other snncmgs..

Exa,q.namon of the iocations of the maximm Nusselt mmber in
Figurss 20 to-26 and their reiative values gives a quaiitative indication
of the existing fiow characteristics. In the narrow ducht, 2-inch wide,
the occurrence of the maximm Nusselt nuiber at the stagnation poin% in-
dicztes that the effsct of the cylinders in the upstrsam banx, iocated
symmetrically relatiwvs to the center-iine is to create a jet which im-
pinges at the stagna;ion peint, Tals results in 2 caxmuE Ih,s.w.:_t: nymber
which is gréztsr the smallsr the spacing between banks 1S, Fopr lemgiiud

-

inal spacings from O 937 to 1.3i3 diameters’and 2 buix 'Remo ids numbsr of

10,4600 the wmaximms N ;;ssejt mmber desreases ifron 325 bo 340. The valus
of the Husselt number 1n “he downstream half of the ¢Fiinder ars consid-
erably less afiected,

The jet effect is also illustrated o7 comzarison of ths Hussels
number at the stagnation oein® in the stazzered arrangsisnt wibh Thet
obtained for a si no“e +1inder., The reszscvive values, as chteired froo
Figures 20 and 3 for a Heynclds mumber of 10 400 are 38 and 148.
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which in the prosent inmyes  wich duet widbh. This is
iTlustrated by co :zamw.of the dlstmmbuﬁlua obtalnad.fur the 3~ and 3.5-
inch ducts wid those of -imeh The fact that in the wider duct
and at the smaller mewm.mwﬂmwl ‘ijmmmw@a‘ as shown in Figures 23 and 25 two
maxima océur indicates that actually two separate jets are formed whose
velocity and comwergence are depemdent cm the transvérse wmuwmiwgm Again,
the absolute values for the narrowér dicl are appreciably greiter and the
location of the moxima is shifted slight.ly toward the stagnai;lo ‘point forr
the narpower duet. “"me convergence of the WM ’Lw imdie: mﬂbwmmﬂl by compzrison
of Figures 23 and 24 wphich skow ﬁb.h«wa relative magnitudes of the WMW walue
and its posﬂbmn w0 change appreciably with lnng;tt.nﬂlnal apacmm For ex-
ample, at & Rejholds mumber of 10,550 and a longituwdinal spacing of 0.5 m ﬂﬁ?w
diameter, as ‘a‘wmm in Figire 23, the maximm Husselt runber occurs at 45
degrees from the stagpation voint and has a value of 563 as compared to a
fusselt mimber of 155 at mww‘a%w@m@%i; L point. ‘Mmmmmmww with MMmmw gt a

_ is mmber of 10,660 and a longitudinal spacing of 1.00 diameter, as
showm in Figure 24, the maximm Husselt number occurs at 25 degrees from
the stagnation peint and has a walue of 263 as ccmpared to a Nusselt number
of 235 at the stagnation poimt. This tendency of the flow to conwerge into
au51ngle jeb of ume mi form velocaty jis further substantiated by the shape
of the distribution curwes in Figure 26 for 2 3.5- mmw mwﬂwm duct and a lon-
gitudinal spacing of 1.167 diameters at wk the SNCe APpeETs o
h:ve been completed since an cssenbially cunstant musselt mxzber distribu-
tion is obtained in %Mm reripheral region extending 30 degrees either side

of the stagnation point.

ﬁ

Tariations of piint-to-awerage ratio of Husselt mmber for the
staggered confliguwration located in the 2-inch and the 3.5-imch wid~ ducts
are shown in Figures 46 to 49. The effect of longitudinal spacing is ob-
tained by comparison of Figures 46 and 47, both for "he 2-inch duct but
of different lomy mal speeings of 0.957 and ﬂw“%m\MﬂMMW%W‘HN‘w%&w%mmw
ivelp. AL a ﬂem&]ﬁﬂs mzber of 30,000, the r'mges 2f the ratio veristion
are almost idemfical and ~re E‘imwmm m‘. i m t»m 1.65 and .rom .71 to lm“ﬁmm e
spectively. The effeéct of long spacing on the range of ratiio
veriation bewnss more awm'eﬂiahle in dmﬁs of grester width. As shom in
igures 48 =nd 49 for the Z.5-inch wide duct at the longitulinal spacings
of 0.673 and 1.167 diameters, the ranges of ratic veristion at the same
Reymws nuber of 30,000 zre from 0.65 to 1.66 znd from 0.70 to 1.33, re-
spe i Thus, it becomes apparent that the least range of wahm

ien is obtained with comn eagt Lomeibuding
‘Tt‘.ramwwerse spacings.

fipmrations of Lap and

4, Staggered. Double-Row Cyilinders
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of the Musselt mwmber profiles is considerably changed when the cylinder
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From the configuration, it is mobiced that the cylinder arrange-
ment with respect to the right or immer half of the test model is maamlm
identical to the staggered conf lgﬂ‘mn on znd thet the arrangement wiih
respect to the left or outer half is very similer to the in-line mmmﬂﬂg‘
wration. #&As the heat transfer coefficient distribution is dictated by
the flow field which is mﬂw wmw inflvenced by mwﬂlmmmw‘mwwmmgmmmmﬁm me=

S ¢ files of the right | of the test modsl
to th the mtmgxﬂ: n Mgmwmhwmmw‘mwmwwm the MHW* Af of the
test mod WI to that for MMM in-Yine configuration would be expected for
2ll spacings. Hdodever, only for ¢loser Spacings this resemblance is
more pronounced. This can be observed by comparing the distribution curves
of the right half of the cylinder shomn in Figuece 30 with the distribution
curves showm in Figure 25 and that of the lef% halif of thé cylinder showm
in the same Figure 30 with the distribution curves shomn in Figure 17, all
for a duct width of 3.5-inch. Similar comparisons may be made betwueen
Figures 14 and 23 for the in-line and the H%aggwwwm configurations in a
3~inch wide duct and Fignre 27. The similarities between the Busselt
number distribution curwves as moted abowve, despite the ﬂmfwwuwwmmw in their
magnitudes, yield significanmt indications of flow similarities. Comparing
NWW‘wﬂgM% half of the distribution curve for Mmmm&w~mmm‘mﬁM‘@mm with wide
Hmﬂmkm@ with a2 corresponding distribution cuirwve for a symmebrd AZERT,
as shomn by Figures 28 and 20 respectively, 2 less promounced resemblance
than fur the closer spacing is observed. This lack of resemblance appear:
to indicate that in closer spacings the flow fields around the right and
the 1t kalves of the test model are less affected by ome anctker than in
wider spacings.

niative variations of point-to-zwerasge retio of
double-row o nfigwe ns logzted in a
WS WH\mmﬂlmmm ”. = mewm s 7 of
P4 for a longituwdinal
”wWﬂJmHm%WMm The cor-
tudinal piteh of L.3545
The W%NWMMM& ruber
HBM‘WW"‘”

Seweral wu@wwuw
Busselt number for the staggered
Sinch wide duct are @Mmmm“lm‘W1
S0, G000 the we on of the ra
piteh mw‘MMHWﬂvaamwmmm“mmM‘H‘Mmm@mwwl
responding variation is from 0.75 to ﬂ‘ﬂ“‘ww wulmww
dismeters and a diagonal pitch of 1.30 diapeters.
effect on the range of ratio wvaria®ion is mot apprecizble for elrssr

jm;@ﬂ* -

o ee—

5. Test Bata of Cylinder A

Pigures 32, 33,‘ana 34 present the Husselt murber distributicns
obtained with test cylinier 4 located HLMPAF in E-iraly 4-inch, and o-imsh
wide steel duets, respectiveire ™ ta is m:ﬂh:wuw‘}‘
ful, mm:@mlﬂwmmmﬂ‘%v‘mmmmmw‘ Y
disagreement between the Jdata obtair o)}
Jlocated in & docht of Jdifferent mmber ﬂ-ﬂﬂtm MT‘M ot
mW‘%Mw mmmwmm‘mﬁ‘mww lower Reynolds mux ars simil
b iye Wemﬂmmzwww‘ » a% 3

‘h‘w%mwwwm‘ﬁhw cUrVe it pus?
Mamm m%%&mm&ﬂ*wmuh‘Ma@% @ﬁ@imﬂﬁm‘H“LwT&%Hﬂ in the alurynwme ducls are pore
nearly correct because the cyiinder avd ducls were —more carefclly construc-
ted amd zn impreved experimental vechnigwe wss viilized.

each

h M it
=] MW‘ ]
k= g
whers

M%m“w %‘ - ]‘L#:E%W ““3’3‘““




Ag menticned in the descrimtion of the constructaion of the test
sylindena in Brrendiw TT. ecylinder & was hand 4 hed. ‘This Process may
mm‘ e resulted in a m‘mm-wmm al surface wi at spots and irreguiari-
ties, Doth the imner surface and outer surface thermocoupies were posi-
tioned manuallye. The outer surface thermocouples were cetemted into
iongitndinal grooves which could accowst for variations in depth from the
swfamm likewise, the thermocouples on the imer shell surface mgy have

jed in depth from the surface. Thus, an air gap may hawve resulted and
thé effectiwe thickness of the Transite shell was mobably different
between warious pairs of thermocouples. The oufer and immer surfzace thermo-
couples may mot have been radially opposite to sach other and this could
also cause an errcneous peasurenent of temperature difference across the
Transite shell at any pariicular locabiofi. -

Because of thermccouple failure sane of these mmm mere MMMWW
~with only one pair of thermotouples. Thus, t > _
the periphery could not be Wm:udtmmm sirmitaneously at a - M"mew sir fiow
and power settinmg. The cylinder could be positiomed ab ‘ :
crepents only m«;w mea e hold~cown screwms instead of with a “meﬂmw

and moide Z as prowi wdlwmm for cylinder B. Therefore, to obtain a tempera-
ture. 0 g . m_m_mmmﬁk the m‘w‘lmﬂww to be uwsed to calenlate the Hus: \WJLM
mamber di n, it was necessary to shut of{ air fiow and nomer Amput,
while the cylirder was removed from the duet amd rotated to a new positicn.
This mrocedure ended the data-taking over a considerable length of time
udtmm*mg which ambient conditions ray have changed k

é’

m‘wmzmmwxu A1s5, sach
position chamge required the air flow and power input %o be shut off, then
re-set, and subsequently, 3 stabilizing interval ‘m be observed. MNeedless
to say, this resulted in 2 large experimental scalfter due fo variation in
Reynoids number snd power input between individuzl test points.

Eswzever, when the distributions of Figwrés 32, 33, and 34 are com-
zared to those dhteired by Giedt (2) and Schmidt and Bemer (31) a marxed
gimilarity -“; ‘M,_; noted ‘%mwm mﬁ:mwswma cﬁu&ﬁa wére obtained for cyliinders

sed &  ess=nid 5 rezm £ Now W?i‘"u (v

ﬂwuw ﬂ.r‘\ M‘ e %M‘ﬂ m{”

L

: along the doet

, m‘-"‘"‘ o wa»-mu;..m wmp:.

wall were chizined Do
; o al air Tlows as explained
A e ge ﬁ:ﬂu‘ n @ 1AS e &M_, ory A Mppm o Mw Fw/mu w«w 4 U%ﬂ_\;mh&\m o TTion
?‘h,umawl*m we statls mreseme Tarizition was nob peasturable hecause Lle
pressure taps were corered -37 the haif-cylinders Instaliled along the duct
#all. For fhis reason onTy the fotal presswre drops 2cooss the entire

a.l"L‘ﬂ""l""ﬁTBZ‘_tS wers chizinste

Reppresentative varizzicne of

sievic essure along the duct o aﬂil
obtoined with the 1.3 ~—:w.muw Ga.m:"‘t-c—r test nodel located zur the 2-inch, 5
. 35
ok :

imeh, and Sei~iach Eiwvelry, are Jdomm - "2 ST
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Thoos 43 otws hodd ane ame for o nominsl econstesnt mees 7eloeit i
mately 4.32 WW%:M w : wwmwm—- quare foot which wmmmwwwmm wmwgm%‘ to
a bulk Reynolds er of 42,500 or & flow melocity of 60 feet per sec-
onde

IMT‘EWWM\ ﬂ -

Inspection of Figure 35 discloses several : ‘WW icant features.
The maximum static presswre drop varaes LWW%J?E‘“M‘ with duct width and
is attained at a d_stamm dnmmtmam of the cenlter plame of tke mnd»am
The gweommememme B i s w pregeure dr VT dommstrean of the cenbe
plane indicates a mmuwmm ‘_‘ iow crose se

tion simiiar bo & vena con ‘%«mu‘a‘wmm
The distance appears to be imcreasing with decreasing widih. &As wmeuid
be expecitsd, compliete remmm of the maximm statis pressvre drop is not
realized dommstream, wher nal flow conditioms are beiiewed o
hawe been restored. e me Ta f recovery, defined as the ratio of
the amourt of stalic pressure recovered io the maximem pressure drop, im-
creased with Increasing ducht widith.

i T

Wwwm 36 s
wall at several differe:
wation, M\Mﬁﬁﬁ‘ﬁmg of thres 1,‘f,~wmm,w mmmm wli
longivudinal center—iine-to-cent er—id
corresponds m 1.5 cylinder wmumwﬁﬁtwm MIL »mugh ribut:
for the 3-imch wide duct, similar distributicns are wb‘""“md :mw mﬁ sm
confizuration in m:mwm of dzffezrent widih and for warious lonzitudinal
spacings in the same duct. The minimim statis pressure occurs nezrly at
the center plane wﬂ‘ the third dowmsiream-cylinder. This is probebly due
to the partia’lsr confined {icw passage upsbream. caused by the first two
cylinders. Consequentiy. a Hore waﬂm&. wwwm Tiom In {Iow area OCCUTSe
Mear % wos tream- der, th : on is smmw to
that for a single cylinder. mﬂw ssure thar decrezses as the
strean fiows domnstrean bwom t‘ve w@ntar piane of the uwpsirean cy..:«.nzer‘
memmmlsm n of wmm-mM@m oi m_mnm resSsure ac n:hfv mrw@m ass malmm mmaar
3midti mw mmm mm o L : : oo 3 T ]

batic pressure along the duct
for a typieal in-iine comfig-
iers &WMHM at a

i W&"d“mh

mawmg& o

the wariation soabic 1 &
m Figure 3% ami ‘a..e variation for Tthr
Iocity of <£.36 pounds per second-s
the ducht widt S are the szme and ¢
mressure loss £ ]

mressure loss I
which

15:31& at a Zass ve- _
:Wbm m hmm.r i maﬁ?‘ﬁﬁw
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were obtained in a %-inch wide duct at & constant Aominal mass velocity
of 5.49 p>unds per secand-squé.re foot, corresponding %o a Reynolds mumber
of 52, 000 and a veloc:.ty of 75 feet per second and for four different
center=1line spacings. For comparison, the static presswre distribution
for a single cylinder a> essentially the same mass velocity is included,

- The distribution curves for- the in-line cylinder's are essentially
simiiar to one anothér. The maximum static pressure. drép appear's to be

“ineréasing with increase of ‘longitudinal spacing: The presswrs loss on

a2 per-cylinder-basis aiso increases with increasing s’wac:mg, with the
1°1e~-c*’L.ndew diata as the 1imit. The percentage of recovery indreases

"*{..“ 35 ::‘“'“:_s::"_z‘g spacing; as cal cuWQtlnr.q oh bagi.s of ‘hhp showfi éurve

ValiEs indicdaté. ‘ — -

‘The effect of cylinder dismeter on stabic pressumee variatioch 2iong
the wail of the 3,S=inch wide ducét is showmn in F gure 38 for three cyl-
inders of differént diameter. . The pressure drop data shown in Figure 33
> a singie l-inch diameter and a 1.938-inch diameter cylinder were used

ta verafy the correiation obtained wath the &s3-inch diameter test cyiin-
dsr. Gomparison of Figure 38 with. 35 shdus that increasing cylindex
diameter produces the same general effect on the pressure,distribution

as decreas.ng duc” w..dtin whizh would be expected from smL.arz.t" cons1ds
srations when the pressure g,rad-e“ is assumed %o be dete:med by the ratio

sf orlinder diameher to dust widthe

in order to determine the effsct of heating on the static pressure
dostribution at the dust wadil, comparative rims were made at constant air
fow with the %eét cyiinder hea-wa ar\d unheated. HNo effect of heating
coild be detested within the accurzcy of the instrumentrtion, therefore
37 each zonfiguration only one stztic pressure distribution wmas obtained
at any given Heyhelds mmber even thougzh the surface tmperatm*e of tne
test cylinder mav have waried 200°F of more for the range of heat dissa-
pavion used, Hoﬂ:e-far; in ail instancass the temserature rise of the air
was smail and did no% excsed 5°F, C ; T

Overall Heat Transier

Y

1o Bifect of C7iind A rrangenent on Nusseit Number

Variations of modified average Nusselt mmber Nuy$ (a,egl
_m"’ bulk Reynoids mmber for several cylinder arrangements are showmn in
Fiomres 535, 4. and 537. The curves indicate the relative effect of eyi-

irder arrangemer® on the Fusseln numbsr for the physical arrangements
desc &JLe\i ';,' C'}’L_Ludc"“

amster. cylinder spacings, and duct wwidth., The
:‘ averagé sur face heat transfer coefficients are
f:r the sazme c¢ylinder diametsr, as is the heasis:
e

fff z

nove

:3fer coefTicient is directly zroporticnali to ths

:f the datxa,
¥usssit number.

Fignrss I3 2ol 3. 2ontain curves for single, in~Iiine, ard stag-
ger=d onfigurgticns in the Zinch and 3.7~inch wids duct, respectively.
Such cuvrves : g & : A mzy be conzered m*cc“c-"f gince un“ier
wals condaisior i TRa ‘ - Reyrizlds mumber indicstes a consiant quaniity
2T awr fiowm 2 L crlinder arrangenent.

Ii:o {. - .L;;T. “’5""“
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The curvres in Figure 55 indicate an apprec:lable increase of heat
transfer by use of multipia-eylinder arrangement. The inc¢rease over the

B )

51ngle_ cylmder in the 2~:_z_11§.h duct is in the order of 50 to 70 per cent.

Among the in-lire arrangements, a longitudinal spacing ¢orresponding to

1.5 cylinder diaumeisrs appears to produce the greatest heat transfer. How-
ever, the range of variation of the values obtained for longitudinai .
spacings betwegs_n 1,083 and 2,00 ¢ylinder diaméters is only approximately

15 per eents e order of curves of constant longitudinal spacings indi-
cates the éxisténce of an optimum vaiue within she investigated range which,
however, may be greater or smalier than 1.5 cylinder diameters.

With staggered arrangements in the 2-inch wide duct, grr ter heat

transfer than wiwn the in-.ine arrangements may be obtained. The grea.t.est
41

~values indicated in Figure 55 are 'ror the staggered configuraticn with a

longitudinal spacing of Co%E% cyiinder diametér. For this arrangement a2
qualitative increase of 20 per cent over the mean vaiue for the 1n-.L:Lne

eonfigwr a.tions iz indd cat.eda -

I'ne_ naturs of the curves in Figure 56 for the 3.5~inch wide duct
is sumilar to th&™ (f the curves ih Figure 55 for thé 2-inch wide duct.
howerer— an ocutstanding difference is that the incrcase of héat transfer
with mulitipie Zixe 1n3 Spaclngs over the single cylinder is not as appreci-
able as for the 21 wode duct, For the range of Jlongitudinal spac:x_nc:s
investigated, the sacistion in heat tramsfer is of aboub the sams order
f4 the garrowsy cu.’. althougn the gurves appear to have & tenaency to
converge at. hv rn Zo2T Bey:o“a mimber. Again, the existénce of an optimum
spaging is inpdi~ Sels L,:{e ip Figoe 52, the highest values of heat trans-

fer are showrm: #.» @ shaggsrad spacing. However; in contrast, Lhé increase

m
or

cver the ire-. i _s (asing is wery aporeciable. The maximem values of heat
J,r%'a.nsfe:fN cotained I g shaggered arrangement with a longitudinal spacing of
L 673 diameter ars asproxamsately 100 per cemt greater than the mean of those
>r tlw ip-line agrangements, Quantitatively the heat transfer coefficients
“bt.a.lned foi Wi Spa whg Are .iaaj. to the maximum values obtained for the
Tem. e Z-inch wide dust witkh O. g5 ~dianeter lon’*lﬁudlnal

K] u&él’ﬂé coh :

staggered arran
S8
indh wide dust

% F- thd ~,"3..:.'=les for the in-liine arrangemenits in the BeT=
. 7 ::c_. thcss in the Z2-inch widé duct. For
the same zir velccity, the heat transfer

*»sefuyle_r'j in mz2: yidsr & are anorodimately 40 per cent lower.
Fom zezpar.scs, “a2s heat transfer coe:“.‘_c__m ts and Nusselt numbers
shtaizned with a o .- I~y 3vazgered configeration in a 3~inch and a 5.3-

indh wide Gue” ar- .. Lsd. Jor rei‘erésa‘ze rurposes, rigure 57 aiso contains -
values for a siug e : ch of the ducts. 1% is evident that heat
transfer fron a e ohIvass in the *:.i&.e* et and 2t the same Reynoldz
nirher is somewh Wer. AT a Ren o1lds mmber of 10,000 the diffsrence is

~

1 |-l-

-5 q- Lt iy

H’. O v 1 et
1
b

in the order of w2z sant, The doublewrow staggered confizwmaticns show
heat transfer 2seffl ients up o 130 ner cernt gresier than the single cyl:x.rr—
derse The pagni '?v.-;-ia of e heat *ransier coeificients is apureciably ai-
feected % variaiions In spa.ing. in the Z~insh wide duch, for a range of
c..ago*:a._ STasiugSs I ou .03F e L350 cylinder ci;auetc-s, the heat transfer
cosfficlent is vedu:ed oy aprroxirately 35 8. cenb. Like in the symetri~
cally staggersd ar i } ‘.‘:.v: :Lata are given in Figwwres 35 and

3%, the largest nzat transier g ohiained at the smailest diagonzl scacinge

The range of dragorsl spacsings for t;:e Ss3=1inch wide duct is smaller and
- - o

covers cnly the veliwss of 1,253 ard l.413-cylinder diameters, The difference
Fiy 41 - 14957 v




'Re;ynolds number and fized dict n..d’ch i

_to the c'lnc‘c c..d‘:ns ':F;_:.

belwieen the heat Transfer indicated by the Two curves is only in the order
of 15 pr cent.

It is moteviorthy that the curves for the aouble-'row s.,agoered
configurations shown in Figare 57 represent,, for any given Reynolids num-
ber, heat transfer coefficiénts of decreasn_ns magnitude with inereasing
diagonal spacing, irrespectivé of the duct width. Alsc, the slopes of
the lines expressing the variations of heat transfer coefficient with
ReyRoTds nmber are, white similar, not egual for the various &.cmf1 g~
drations investagateéd, Theréfore, it appears that for purpose of gen~
er&l correlatlon the. °.LopeS whuld net be constaat but would be dependent

well a Revno"‘ ds: num.ben -

'Re- terpx-etaulon of the averagZé heat bransfer "'ur:res :u‘ F—;L-gures
55; 56, and 57 on. the basis of enesgy Pequirsnants for .nd_catef‘ ‘heat
transmission is of mpo“t,a.nm +¢ descrike more colpletely the effects of
cylinder arrangement: and air fi.vw. veloeity. Toe ratio of average modi-
fied Nusselt number t¢ gorrected mesa:me dr”\ per ¢ylinder, ab a given

5 a d.mecL J.nd_,.uaLLor of the neat

transfer obtained pér uRit of energy ihpu ut to the air stream, necéssary
'i:_o rroduce the given velocity of flows Tnus the effieiensy of Leat ex-
ehange for the warious arrangesents may be evalxa\‘eda &Yso, the effect
of Beynolds nuriber on heat transfer pe;. unit enérdy reqmmeni’ Hay de
:.llustra.,ed. :

Figare ©8, 1ike.¥igure 55: comtaiums surves Ior single, in-iine,
and staggered cylindep a.rrange;_en'r- in the Z=ynsh wide duch. 4t is ap~
parent that the efficienzy of heat exchanZe 13 gre test at *’fxef Loviess
air VEIsEity. However; should be noted 5 ae Io exvham”e
obtairiable fpom a given surfzé : é 2 3¥4, 3
decreases with gir e

Aml.'. ed to the cools
a i'_xm qua.ntﬁ' y of hsat
velocity results in

Grea:scsu heaw ¢
Ldlcaued by the curves "“”_
3s5=inch wide <-ich, and bF
nents in ducks?nd 3.5 i
my bé& cuparse on the ba
nrocertlo'la" to t”e t-n:,.":., =%

cerresponding to an :Lf'u.
neuers a’c, k! Ee"n.o ds

'CcSch’:‘
e "G?:.a... el

o, 41 - 14G27 = A
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£ heat transfer o uwit power rerm::‘emont

: ondifig, gurve-values by the eip respectlve
du'-t ‘widths. For example; hhe above-m rdioned curve-value of 1700 2t 2
Reynolds mmber of 20,000 in Figure 59, ‘divided by the duct width of BeS
inches, g;n.ves & comparative vdlue of 486, The corresponding value in
Figure 58; the same Reynolds nimber of 20,000 and the longitudinal spac~
ing of l.aoncy]:mder diameters, is found to be 480 ‘which when divided by
the. duct widkh of 2 inches glves a comparative value of 200. ’I'hus, on, the
basis of egnald flow Velocity as welly the Wlder air passage, in the range
considered, appea¥s to be more Iavorable if the ratio of heat itransfer per
uhit -energy requiremént is an :meortant ¢riterion, '

The curves in Figure 58 for varlol.s configirations 4d & 2-inch

'm.de duct indiéste similar relationshins as thosé in Figure 55 in péspect
1o the effect of coafigiration, The mulbtiple r.;om:xg‘-.watlcns exhibit valies:

for the heat tran.,fez‘-prescurn drop ratio which are ra,ﬁhei:' ¢los€ly retated
and appear to. differ only over a range of anprommately 30 per cent. The
values aie, however; vastly different from those for the single c'rllnaer,
being at the sare Reynolds nunber on the averdge more than 200 per cent.
gréatéd. This is .aporeciably différeént from the relationghips for heat
transfer only, as indicated in F.Lgurc 55. Also in respsct to relative posdi-
4ion the curves in Figure 5¢ differ from thosé in Figure 55s For the in=
line a.rrangements no opt:.mm .Lonoituchnal 'spacing aprears to bé indicated.

instead, the values of the héat transfer~preéssure drov ratic increasés with

reduced longltud:mal sna\.:mg. The higaest valuns s}nm in F- fgure *>8 are for

ametere Tnose for the staggered a.rrm"lgements equal. c.!.ose.:.y the average
values for the im=iine arra.nbe;.en’s but differ in their order from those in
Figure 55 in that the va.Lms for the 1arver lonéltnd:x.na.l, spacmg are
greatesh. .
L.ue in “‘igure 56, thé curves in Flvux-e 59 for the heat trans;er-— e
pressure drop ratios of varisus configuratiocns in the 3e5-inch wide duct
appear to 1nd::_=cate a cons:xdera’ole spread of vaiues, HNo :_z-nat inferiority
of the single cyl_lnder is arparent. The erder of in~iine ooni:guratlons
in respect to maghitude of the heat transfer-pressure drop ratio is oﬁgogi
site. to ‘maghitude of longitudinal spac:.ng. The greatest values are showr o
for the &nu.llesL, longluud:x.ng.g. spacing of L 053~<:vhnder diameters, The
staggered configurations “avs Yalues. con51derab]y lower than the in-line
configurations, the lowest being thosé for a dongitudinal spacing of 0.673~
cylinder diameter which differ bub sldghtiy frem those fe* 'tne s:mole c;ﬂ-
indér. Thns, the heat transiér-rréessuré dyropd ratiod for the varigug -
configurations ih the 3.5-.uu,h wide ducht are rela'bed 'wmong sach otlier
differently thaa the heat transfer coeff’lclents. Among the latte,r, hose
fo; the staggered conxloxauan and 3 tongitudinal stacing of 00673~ ci7l~

inder diamé&ber are srecbast and are aboub 100 pér cent :'J~=a.ter than tuose'
for tae single c*'l:.:xde ', as skowi in Figure :::6. '

in Figure 60, 1L<e in Figure 57, double-row stazzered comfigura-
tions are \.omﬂa.r‘ed with single cyliniers in two. Q.i“‘»:—rsn* ducts oL 3+ and
3e¢5-inch widihs respeetivelr. Thé curves for tie lieat traisier-irssswre
drop rabio indn.cate lover values for szaller diagonal spacings. Tae values
for tnc:sm‘._,lc c;r_mder in the Z-imch m.ae chic'c are up to 10 per ce*rb lo"yer

No. 41 - 14957 b




than those far the smalls,st clagonazl spac:mg of .L.US’&-cyumer d.:t.amet—-
érs., <Tne valuas fo¢ thé sgingle cyl:mder “in the 3.5-ihch wide ducht are
about, 20 per cent greater than those for the smaller diagonal Spacing
of 1.153-cylinder diametérs. The entire range ¢f values indicated for

equal Reyholds number is gbout 100 per ceih of the miniwum ¥alues and
iz ccxnparable & o) the range of heat transfer values in F;nge 57.

" 5 - : - - ) z
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Vo CORREIATAON OF RESULIS

Peripheral Distribution and Peint Values

The circumferential varla.uon of point Musselt numoer around a
single cylinder in a free air stredi vas studied by various invesﬁ:l.ga-—
topss Comparison of theéir date discloses considerable disagreenerit,
as pomted out in References {(ii) and {13). However, data in the .u.‘b—-
erature for the singls cymder in frée air fiow are quaiitatively
commrable and offer a basis for comparison of the data obtained in the,
pregent investigation for e“*a_..uatlon of the duzt effe....e

RC ‘ ~
"

Husselt ber o.:.stnbuué s 35 om: Thed for thé §ingie ¢ylindsy in

| 2-, %=, and 3.5-irch wide ducts are in Figade L4 for a8 bulk

__Rey’nolds number of 52,000, _Fgr r._égmgarlso.;, the digtribution eweve for
the same Reyholds mfn’ge;' and for Irée sitread conditions as reportéed [osg

Schmidt and Wenner (11) is also iie cluded, The duct effect is quité ap-
parent. it evidencées its&lf in ificreased 'poin‘f Fusselt nambers with
reduced dust widths. 4lso, the effect appears to be riore pronowmced on
the distribution of the upstresr half of the ¢ylinder. Tae location of
the minimm Nusselt mumber ig slightly affected by duct width, It ghifts
abeut 10 d@grees dovmstream cn the periphery for a variation fronm free
strean to Z—m»n nuct width. '

Schmdt and ﬁermer S dat,e. \or.pare ;a.';orab.;:y with Squ__re*s thesretical

) solution for the Nusseit mmber at the stagnakion DOI&T

T § I0L ‘JE; . S - ' (”)

Data obteined in the present investigation ;..ay be ¢ampared on the

basis -of Squire's equation 1y évaluate the duct &ffect as a fungtion of
dimensional re.la‘alonsr1:«.ps° For equal film B.eynolds nmbers, Nusself

rumbers at the staguatlon po:m‘f of single cylinders in dqugts are fou d 52
be greater than for free stream condificns., Alsc, in general th ¢ BHusseil
numbérs are observed to beé _n,*=as1:16 with decreas:.ng dug® md‘?ne, Tha

factor - {d/w , where &/w répresents the ratin of éylinder diameser to
duct width, corrslat es sa.+1afacto*u7 the expepizerital data wikh Sq_u:u“e 3
equation, as shown i Figure £2, The fora of the correlatiron faoher is.
such that it peducés 6 fmlt for the fr re¢ strea._. rﬂndltlon WheRe w ig
infinite., The eorrelabion J.ac\.o:' must n exceed the value o 1 oLl4 s:.nce
this wonld co*'resnond .,o a rabio of "3;1..:18‘” diareter to duct 'e»::,u,t_ of
ity wHich means that dc fiowW area rest the ¢ylinder is avaidable,

'Overe;u_ Heat Trazzsfﬂ“

T’he di:"fenent r'e:_a‘ic'nsb"f oS bebwean avérage I.-.;sse.L num'ber and buik

-

Beynolds number as shown in Flgures 33, 56, axd 5 serve to illustrate

the configuration effscts in individaal ducts. Generzl ccrzelaui'or' uf
hea®t transfer in differsnt conliguraticns and ducits ig feasi
ing thée avsrage film Nussel: sumber 25 2 fonetisn of £ilm }.'i-ﬁ.’,«?n-'ldg fmmbe:‘
and the characdteristié dimsnsions o configm sTE

Nusselt pumber is the averags of ¢
Reynolds number is evaluated on iz
Zace femperghure and ihe bulk a_r
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MchAdams?! (9) average line drawmn from results obtained by several experi~
menters with single cylinders in a freé air stream may serve as a reference
for cofiparisons. '

The general fom ef tlie éorrelation eduation would £it the curve drawn
by MeAdams and’ would kave the eqtmtlon

Was,. . ~ = 8 . ) o
'}ui'-(@fez) C-¥ LR f(ave)‘i _ o (4)
The values of the constant € and the exponent n are functions of the Rey-
noids minber and ngy be c.:.osel,'/‘ apprommau‘a by the i‘e]_lom..sg vatues?s
n
- T T CgERL T .
- == = 25086 g

The confn.«nn‘atlon factéor F Has a different form for ea.ch tyoe of f')
inder arrangement, It is unlty for a single cylinder in a free air stream
For 211 cther rmi‘lgur.a.m ons, it must become unity for irifinite longitud-*
inad and transverse pitches. This would describe a s:.ngle cyl_.nder in {he
fiee shriedh con.d,:.ﬁlons ’

The average film Nussell mmber, Nu for ingle cyl:mavrs in
duets of varicus widths are correla §(&Zsﬁs ¢f the factor

B o= Qs . S ®

that a plct of [Fup(ave) / (-« Jd/w)] versus Ref gives substantial
agreement with tqe curve ésented by MeAdamse Taig is shown by the plot
in Figure 63 which contains data For i‘lve dich mdthso

C
""3'

85"

, For tae ccrrela on of the data cbbaizied with 1n-l:_ne cyllndcrs, the
Pactxr ¥,, obtained far & single: erlindery must be modified to tezke into.
aceonwst The finite mefvldm&. 'svac.;:zo 6 cylindsrs. The single c"...z.n-
der wmay be considered as 'a special 2l case of in-line ¢ .anders *“or “hi
the longitudinal pitch §; is “infinite. e m‘eviousiy delined, S-L is %the
. Yongitutiral spacing iz cylinder cnameterso Thus, if the modification
= - factor assumes the form (.L * §), 9 mugt Be zero wheén is infinite. It
' i mJ be seen f‘vr«x F-gn-naa 55, 3:;;- \/\ +ha‘§' Frirm. -1n_'1~nqa n}rl-nﬂa-nc -!-Tnn Muao.o +
numbéi-ver sus<Reynelds nubber iines are not paraliel and do not mssess
_the sarie curvatuee ss that of the reference line slown in Figure 63. Con-
sequent_g,, th3 TaskoR & st bs a funiébion of the isnzitudinal pitca S
the ratio &/w. and of the. Reyno,ds mohber, The raiic d/w zay also be
_ intéporeted as the transverss pitch Sq of §&veral rows of imeidive cFiin-
dérs, each row being & duct of squal width, Tm.s, the data m&7 beé
applied to sa.r_ks of tubes by assuing the effzct of duct wails to be negli-

-
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gible, Tké‘ correlation Zachor obtaimed by nm,er,:,cc-.l aprraximation based

upon: the exreriiiental data is
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Fp = Qe ¥a/w) (3 + ¢)
= @+ IBp{a v [(L'SL) - (0. 872/%,)] =

The afréerdént of -experimental. data, using the coPrelation factér F. wmith the
réference line is .:hmm in rlgm'es 64, &, and 66, réspectively, fj' ducts
of 2~; 3=, and Z:5-inch uldth, sach with i‘o“‘f ,Long;tudina,. pitches, Agree-
neftt for ’che 2inch wide dngt 2§ shown i Figure 64 is the best. The data
for thé 3.5-inch wide duct appéar to deviate the most from the peference

Tine particularly at the lower Reynolds :nmber. Appreciable spread appears

'tﬂ EYJ;S.{: m+b +hD gcrre_i_.n-ran N‘naan‘!"‘ hmr\nc knr‘g c‘u thc G.VUIO—SV ,LU UD aU

R A~

= -t . - - e ———
- - —pEp--cent-bedow the-curves

=

Fopy the shags
. factor as for the 1 :
quired to becsme. BT -'ﬁ'n 'n‘:."~ 43 iRt "GO red‘dee to the i‘ac‘hor for
s:z.ng..e cyl::_nders. The form of correlatlon fac‘bor obtaa.ned in the samz
manner -as for in-line cyhnders is

. = \ - - | 7 X
Py = (1% ﬁ/—) ¥ t(x /"S ) = fz/SLJ Re»e“?’} (7)

wiere - £y = fls.so/STZ 16.80/Sp + 4,13 o
:fl‘g,ls/&»gf; = '1555:5;/5@ # 5@69]

]

: and . 5

The a."CUI‘a.CY of the corrélation factor as an*u_a.«ed to the exverimental data
is shown in Figurés 6% and 68 plotted for Seven ¢ylihder arrsngesénts ia
three dicts. "Fre pomus shown in Figure 67 for the 2-inch wide duet aze
véry clésé to the meference line except at the lower Reynolds numbers, The
peints i Pigure 68 deviats scmevsha Bdre, foor correlation at 1lo% 'B)é’ynolds.
mmibers, a8 shown in séveral of the figarss; Zay have been cased by inac=
~ate detsrmination cf the low heat ficw rates obtained zmder thesé condi-
Tion8.. Isw heat flow was the. restli of the iistation of the intérnal
| temperature to 500°F and of low hezt tramsfer coefficients, The smail tem-
perature differentials across the Trans:z.te shell, thus encouftbered,, eould
bé measured to an accuracy of ¥1°F n::" ¢h may have résulted in ETTOrS 1A

,,om* aeat ansﬂer oef.q.z.c_hencs o: as ;1153:. as 15 per ‘cemt,_

The 'd'a*a for tie d@w‘" '“rém. Sbagzaf 4 comlgmraulozr were Tot correlas
ted Mcase they were hot a.va,:iao_.e n sufficient varieties of cyl..nd»
arrano' enent 3 ﬁew'ﬂ‘ atcimate =va_ula""on r-f g1l the varlanles aiLec*tmg the
ﬁea'c trémsier cse:::.cwen_'.e

B

Statac :rcssu“e Drﬁn Sorreiation

X s

""éi- the c;ofréiatio*' 6f tke _ressure drop dais, the effecis of varzaticn

___m:z_*'ea to the flow of air in the Incampressible~flow regioi. Pv"e.!_ﬂ‘:':mar'r .
investigaticn of the variziicn -# friztion fachor determined in the conven-
o} narst, €€feet of cyiinder coml’—‘ua::.on.

e Tese ' e.__e t of Reyacids

cE 7:¢-.s n ”che& gince

of Flzid proqerties were disrezsrdeds fhus, the pesuliing relas ionsh:.ﬂ were.

x [1081/8T 22 lm‘l‘é/sT L v(yv J {ﬁm (005% - 00504913?)]} . (6.}
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the assumed variation of pressure drop with air flow rate sucgesned, for
any g:.ven conf:.gzma.tlon, an éssentially constant friction .v.acuo,r,

l*lgﬁms 69, 70, and 71 show the correiation plots fcr singla, in-
Jine, .and. staggered configuration, respectively. The corrected fregsure
drop is determined bsr the mroduct of the measured pressure drop per ¢yl-
inder and. the ratic of air den.s:gty at test condition to standard aif
density {00765 pound per cuvic foob)s. The correctesd pressure dfop i5
plotted as a function of the mass flow veloc:.ﬁy mnédified by a configura-
tion factor ¥ - The slope of the line in edch figure correspotids, :f.'or
the greater rangs of the modified mass flow velogity; to the dimension=
ally SpBClJ.leﬁ vaiie of 2. This suggest's a constant frlctlon fa,ctor.
nowev:s? , In the: iower rdnge of mass fiow ‘V&LOClb.LcJ, saue devisticn MEy
be observed which must partly be asskibéd te an increasé of frictivh
factaor with #educed: velocity and the dependency of the fr::.ction factor
on’ flow wel oc:.ty at low Reyrolds nubers. .

" The lise shown :Ln F:ugures 69, 70; and 71 to fit the test data has
the equation. C

Gl = s - L@

As shown it rlgure 69, tne determ_natlon of tae constant is nokb eged
only sn data obtained with a 1l.5~inch diameter cylinder, as in the case.
Jre—— - of the heéat transfér date, Additional points are showl correspond.mg te
three different ..onflgura.ulons obtained by the use of a 1=~inch disvieter
cylinder in a 2Z-inci and in a :5.:>-:s.nch wide dict, ard by the uge of a

1, %&-mch dismeter cyl:.nder in a. 3.5~inch widée cm.ct.

-conflgm-a.t}.on. ror the sa.ngle cyl_nder, rb n.s ) _ B
S R Y. S L R )

For c,,rllndc—x'o in 1ine. the excress:Lon for the s:mg..e ¢ylinder is fupther
_ _m,.ch:"led to thée form , :

—005 ‘ : : . ¢ ;: P

‘ Vs = 1@+ 451.) - {10)
Obmusly, Y 2 is eque..»l "a ¥ 1 whén the longltud:.nal spacing becomes in-
findbe which would bé equ:.vaJ_en*' to the single ¢yiinder. Slm.:.,ar ., for

cyhnaers ste.ggered syrmetrieal iy relative to the axis of the duct the
e:z:oress:.on for the single cylinder- -is modified to the fom :

s =¥y (s syt o SRS W
The md::_f:,eat:.on factcr far stagoer, is only a function of ;Longi"ud:mal
Spac:_ne and approaches unity as the spacing aprroaches infinity. How-
ever, t’ﬂe indicated aebe.xdency of the modification fzctor cn longitudinal
spacing alone may not be entir<ly accurate smce a.ppre’c:;.ble geatber of
the test points for the s.aaggerec configuration is cbserved in Flgm.‘e 71s
The. modification factor is m'o'wahg '=uec‘bed =4 the ratic of the maxirum
o th the nm.umm flow *% and. ahO’;‘lC‘ uerclﬂrs, be also a Imciior of

Ha, 41 - 14987 ~TFbrm .
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transverse pitch,

Tdke for t he héat trapsfer data, correlation of the pressure drop :
- data for staggered cylinders, in doub_n.e roWs was nobt complebed Beécause :
_of idsufficient datas - i :
In general, the eorrelation as presented by equauion £7) may 1ack ;
valldl‘cy becanse of the quality of the data on which it is based. In ) ;

wany lnbbdut.’cb, the Tocavicn of She pressuré taps el r¢. to ‘the ¢on-

figuration of the cylindens was such’ that, in all likelfhood, anconmpliete ’ :
TECOVEry was measured, 1.8., the flow velocn.ty at the dovmstream ta,p was:
slightly greater than that at the upstream tap. The instrumentation for
“the measurement of pregsure gradlmts did not permt very dccurate de-
T - berminabdons-ab low fiow velocltleq because of msensmta.\i:.‘f.y of ‘the - ]

Y AT T XV
ma.k;\.nuetv‘*s"é T - . _

The .‘gehe:;:_a-iiza_,tion 6f the pressuré drep coFre€lation to configurations
of cyiinders ov tubes in multipie rows and banks may be somewhat inaccu-
rabe sinte the correiated data. inciude the skin friction effect of the
duct walls. The relative g,nltude of the éffect at high mass wvelocities
may be- ms:l.gn:x_blcant in copparison with the pressure «drop caused by the ]
trasence of the cylinders. However; at low velocity the taldency for in- ) '
crease of the friction factor may cause this efi‘ect. to bé of greater
shgnifucande which would fartly eXplain that, uhder thése condit 1ons, the
tert peoints lie above the corre.ma’red mean lihe, ) .
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- A dlagram of the test get-wp is shown in Figare 1.

oo Stgek ductswene w

o TE T T T i Sty 3 el — . S 22 wam a e Lo,
a S~foch lomg ifleb ssebion and ap 18-inch long IAtstchanz

. apTEDTOTS

K

.. 1. TEST APPARATUS i BTS‘EIHEI“I‘ATION

Descrlp_ulon of T t Appa:ratns

‘The- test se*b—up consisted ;r:._;_.arﬂv of a centirifugal fa.n, z thif-

plate orifice meter with svitable piping, and steel or alwnimm duch - - — -

Y

tést séctions in waich the various 3totond w‘-angmﬁzrbs were mqta;l_leda

Aip wes s‘unp“ Sed b7 a 20-";ch Sianeter Amgrlcan Blower, Type ¥, fan
a rating of 600 cubic feet. ver mimete abt 3450 révolutfons o per o ...mute
A-:r flow was measured by neans of tain-plats orlfic,es instalied with
fYange i;a:ﬂs, in & 6—1nch dianeter dnet, The pressure dif;erenulao. a.c:coss
the orifice mas neasured with «THEAG etér. Fowr orifices were requjr

6 cover. the range of air flow., & 12-inch long, egg-crateée straightening
vaneé wss _nstan.ed &t the blower dischHarge. Kight-meésh screens were in-
§vailzd ,:.._. ..oth ends of the round~tc-rectangular transition :):Lece at the
énd &7 1 ~ameh-duct and usstrean of the tegt gectaons 'Ehe  {Tow was

regulated 'g; tre static pressure keével in the test sec‘b::.on :zas mqint..ared

constant " 2 bleed valve at the blower dlscharge. 2 thrott“n'
Hiate ab the © 'ower :;n..eu, and a dazper at. tne d_schar"e of ’gb.,e tagt sec-

Efl_’.; sest ducks- .zewe réhtancular in ergss sectlon and 4 inches b.ign
151 v-nLTea sheet gheel and were 3, 4, and -

ere Goated with alﬁiﬁn : fo31 bo Te=

6 ii irichés wide. ‘The :_ns:..de

:d_uce. heat loss. ‘ﬁ'm. tes»_ c}f'.ii_nder by r:d:xa.tionr.

'ﬁ*e 6-1:1c_4 *e steel es+ dv..c* Tas bo.z.tea directly to the round- o=
rectangn_lar transition piece; and the 4=inch and Z=inch’ m_de_ ducts were

mected to this transwm'cn riece m_’ch intermediate reducing sections.
‘]le 6=ineh wide duct was 54 inches long with the test cylindér located 16
mches from the discharge end. The: -a-l..cn and 3=inch wide steel ducks were

3¢ and 40 2}"&1&5 I¢hg, resvsec’ca.vm.g Wi t?'e cylinder Iocated in each

lb mchea o hire ulscha:rr‘e énds.

The a.lu,.lr‘m: Gnets wers & ;,a.de 2, 3, 'and _L/ 213 _m:hes wide and were
fabricated of 1/2=inch thiek top and botton rlates and a/lé-mch thic
side plates, bolted to the top ang . uo’c.to’” plates, The Jomts were ros}ge‘té
ed with heavy thread and sealed with G‘l.y tol. !sll the iaside suriacés
wére polished beicre .assepbly o rednce radiant hest icss fron the test

griinder.

Bach of the 3=1/2=3nch zrd 3-inch wide 2iwmiwm dacts consisted of
i rea?;‘_?.e test

- L — .- S . 25 -
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gectieg dn e*‘m;rgd %} v;. w of a typical test sectlon is shown in thc
photograph of Figuré 2. Debails of the method of duct assembly, test
cylinder installation; dumy cylinder ocatlons, and static pressure
tap adapters May also be seen. The tésht cylinder was located in the

nr'rd.cile of the 18~incn test section _proper.

The 2-inch widé altmiaum :x.,,_x.et anid te&t séctions were made in-

' tegral in a single z6-inch long ssétiom. The test cylindeér was

Llocated 9 inches from the d:x_scharge -end.

) Instrtmentatlon

il.x. tempera.tures weré measured by means of 1?03—&‘3"“""‘""""‘:”’ er-

:.mncouples and 2 Beown indicating potenticmeter. Ienperamnres bis) of

dsterminifig the density in the calctlation of the air flow wWére ob="
tained from twy thermacouples. of 30-gauge wire placed in the upstream
orifice ruwn. Air tempéeratures in the tést scction were obtained from
a single thermocoupie probe of 30-gange wire placed at thé emtrance

“to the inlét duct. Températwre measurements on the uést cylinders

were obtained from thermocouples imbedded in an_intefnal reference

surface and ¢ementéd to the outer surface of the test cylinder. The
Location amd installation of thesé therfocouples is explained in
the desch.pt:Lon of tne -gest models in Appmdzx II.

AL uress'uras Wwiere measo:red by méans of ma.;ometers. Piegdémeter
rings of fouf taps each were located oné inch from the upstrez and
downstresm orifice faces respectively. The upsdtreanm static piedsure .
©f the orifice and the static pressure ia the test’ sectlon Were meas-
wred in inches of water with we]l-typn Eeérriam manoneters, ine static
pressure diiferentisl across the orifice was measured in inchas of
water oh a micromanaméter. Stamc préssure: diétrn.bunons &long the
alvdinum tes" $estions were 6bbained by méans of Q. 0135~inch diameéter
holes drilied a.lom t‘ze horizontal center line of the test sectiohs
side plates.- TweAty. taps. were used in Lhe 2-ineh wide duct and 27
taps in the 3-inch ind ‘3—1,’ 2. inch wide diets. The ﬁre..sm'es weré meas~
xred ify inches of alicohol on a. cgggon—-weu tyoe mancmeter ‘board and

were referred against fhe. sStatic pressure at the duct’ inleét., Varia-
ticns of otc. tic pressure along the steel duct viere not. obtained.

Powér was supplied. to the heatifig coils of - the test cyl_wderq fvnm
a 110-volt a.c. Source through a constant-voltaze Sola ﬁrans*’ormero ]
The power input was adjusted by use of a variable auto transformer. The
power indut%¢ ‘he main heéating coil was measwed with a %Eedmﬂ m'ecl-
sign wattmeger.

Fo. 41 - 14987 - ~7%-
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) 8°gree mtervals.

‘ential line around the test cylmdera

‘E‘lc’m*ﬁme-v wiré, The ouber surface of each coil'was cogbed wi eral
layeds of Sanersisen cement, baked and” grovndf smooth. " The” power leads
were brought outside the model n.ndlv:ndual]y by means of eight separate
bmd:mg pdsts which seoved also te align the heating ¢oils and ke«sp thein
in place, The heating coils were stacked inside theé copper shell with
a light oress fit. 4 longitudinal slot y&-mch wide was ¢ut on one
s:uie of thé copper shell to alldow for differences in thér@al expansion
between the coppér and. the Trahsité. Hine irofi-constantan thermocouples

were installed in the outer surface of the copper shell and evenly

spaced over 180 degrees of the periphery, 0ppos:Lte thé expansion slot,

This ‘.ssembly was pressed with a light press fit into the lsminated

_ otiter Transite shéll of 3/32~inch thicckness and l.5=inch diameters 'i'he

mﬁace t.hemocotrp_es were installed by ﬁrapping a prerabr:.ca'cea grz,o. of
i iron=consbanbany uuc.LmGCU\lplES made of 0.004~3nch wire, arowid tne
same 180 degrees of periphery as the inside thericcouples and by cemént~
ing the grid to the subfacé with Sauerelsen caent. The thermocouple
Jjunctions wer§ spaced so as 16 prov:x.de temperature measivements at 10~

The. tbe:m.ocouple grld wds pa-efahr:.cai"ed by strmamg the bare ironm

. and constantan wires on a specz.al]y made jig o pos:.’c,:.on the wirés at—

cwate].; The donstantan wires wirs positioned parallel and on 0.131-
inch ¢enter line distance corresponding o 10-degree intervals on the
cylinder surface &nd mere clamped ih pla.\,ee T™wo iron wires wére
positighed normal to the «;onsﬁan*;an wires to pro¥ide 2 comuon pos:,t:.ve
lead, Bach infersection of the iron and canstantan wires was then
Spot-weided o form a Junction to be located on a hcrlzc"‘ 2l circunfer-

Thls g:ld was carei‘ully pos:.tloned aronnd the exbernal surface of
the assembied test cylinder and cemefited n’ pln-..e by coatmg the entire
surface with Sauereisdn cane:nt. Af‘t.er thofongh dfying and bakidg, the
surface of the cylinder was gfoun.. to: size $o pronde a smooth cy]:a.n— -
drlca.,. snrra.ce° IH.Spect Lon ai‘ter grmdmg shc-zea the themocoup

Te bottom plug and the top flange were posl’c.loned and sealed by o
neans of wire ring gaskets and the entire assmb]y was clamped together —
.;e\.m:elv with & Spl‘...:lg-loa.de" assembly rod. Iead wires fop the outer
suriace théimocouples were attached to the splicé bolts in the outér
shell and threaded througa thé top flange. A1l thermocouple léad wires
ugre wrapped around the terminals onm the top of thé flange and the lead

wiré ndles vere sealed aga:.nst leakaga srith Sauerelsen cement., The
r,erm.m.a.lss wers insulated with pracred magnesia and glass cloth ribhon.
The scisw términals ifi theé top flange: frovided Por qiick and casy ex-
tension of th u=mowuple and power leads ahd permitted écmplete
repoval of 1 h cylinder from the test duct for medification or reworking.

ri

[} (1)

Tae to ﬂ.ang;e and the graduated ring were indexed so that they
could be ec curgtely posi uL,nea with respecz: to the thermocouples on the
surfzce.of the cuter skell. 3oth pieces were ‘dowéled to the body of the
cylinder t0 maintain the correct re-erenct? resitisnp, ’l"ae zero-graduation
was set _oppusive the verrdisp-zero so thst. the first svrfzce thermocouple

- ol * N N
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would face directly upstream and would indicate conditions at the stagna~
tion point. . : -

satad Cylinders

Ih tests of multiple c‘n‘linc}ér arrengements, test cylindér B waz used
with ether unhested cylinders, The wmhéated cylinders were jade from 1.5~
inch dismebter aluminum bar stock and polished to Teduce rad:la.n’c heat los<'
from the test cy_L_.nO.er° :

To m‘oduce ip~iins conlwgmatlons, an wnheated dwmy ¢ylindeér was
installed upstream and anoL.har dewistrean, in the saie plane as the hea‘béd

¥ . AR ma. T 2en A a - in
cyiinder, as shéwn in 4, me dwaL:f C:y".'..v:.uuc""u were locaued as. ghowh
Just

in F-xmme 72 and co 'M b Farda:
R -— and "lamned m" place o oo LT o T

The sarie méthsd of installation as for in-line cylinders was used for
ne two duny eylindsrs in the centér plane of symmet#icalls s‘taggered eot-
Tigurations. In ad_m*:or.. uo simulate true staggered caifigurations as
showt in Figure 4, four nalf c.y_‘_'mders were fastened in the side plates of
the duet at predeteririned locaticns, in the manmer shown in the left half
of ’*"gure 73. Unused Iocating noles, wéere. plugged by fieans of gasl'eted
P inseits peld in place by a back plate.

The double-—rc'" "taggered ¢onfigirations séré aL..o trodﬂceq 'm.tn toe
aid of dwimy cylmders. as shown in Figure 4.. Twe r-vln_nders were loczated,
upstream =zndi two cya.mdm*s were located dovmstream in prédetermined Joca-
tior’.s‘ The tanner in which these dumy cv_\_nders were loca.tad and faste*xed

et 2

- A s*r\'* “ZrrthEs 1':-:;-“:. ‘!:‘_LI. ol r‘:_gme 73.

t cylindérs of 1.00~ and 1.938-inch diaeter, recncc‘b—
ed I LaLm_na additional pressure drop data of

' singlé .C; a sop flange platé fitting the locations of
the heid- 55 dér, th >y wWeErE mmmted J.n the same
mafiér as .
, Yov 41 - A&%ET -32~
- '.lll‘\.‘.
i <y - )
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IIT, TEST FROCEDURE

This description of the test procedure reférs snecn.i’:u.cally to that.
used with cylindeér B, The procedure for cylinder & wus similar, exceépt
for details of loéaling and indexing the ltest é¥lindér. .

The guide ring ic pe i_’g_i n test cylindep B irn the Lunnel was§ lo=
cated 6n and fastened to each test duct by means of i'oar hold-dowm screwss
“The test cyl:mder was i_lsa,r ed part-way inte the -duct from the top: and
the spllt tor -fa_rlng rimg Was fasténed in place. T}ae top flange was then
seated in the gulde ring and the zere posi tn.on on the graduated :mg 1ihed
% m‘th 2 scr:.be\ mrzc on t‘ne v=rn1er supnort 'lhv vernier Support had been

Aine goiricided with the guide ring
cen*c.er lme 'e:h:.c;n was perpﬂnd:x.cuiar to ! uz:e duct¥s longitudinal center iine.
“The vernier-zéro was set in ldine with hé zero of thé graduated ring.

Thys.,, with the grlinder i"“'tnl° pf\:::'_*!:1 .on; the two surface th@rmocoup.z.es
“*hl"n were diametricalily opﬁosnte one AaRcthér vwere exactly iined up with 7
the duei's longitudinmal cehter line and hence with the fidw. d,.rectlono ‘The
tep flange of the test cylinder was secirely boltéd to the duct. top plate
and thée posifich of ithe cylinder was visually ingpected from the downstrea..l
exd of tne duct. The ducv assembly and ¢ylinder insta.:.la’c:x.on were checked
for léaks before. a.nj zes’c Tuis were staz‘ted -

‘I‘-ﬂe o.:.o**:er d@as tLr. e‘d oh =and' the desired air. flow and the statie pres~

sure kevei if tn" duct were set by adjusting the bleed Vaive; the mJ.et
throttling piate, end tne d__SCLlaI'Ou Qar..per. “The power supply to the heat~
._n<> coils was tur:ne4 on and the ilaput adjusted to the desired value by means

the vari c.m'iia a 50 tra.;s;or €T . §r°1lm:mary 'ceizmerature ?Ead_:.'nﬁ's, -?ere

talien :11: S=ranucE Intervdis OGN
an a% iéast mo s;c =ss1ve e d__nos. Tamperatm:es wnre th wns;@ergd ’tg
X5 add aXl pressure and temsrature dats were reco dede Diring dnd=
ts, at leas‘ éng+half n«our wqvas rcqt._._rnr‘ 5

oO 7:2.\,!1 uhfemal stan:u_l*"r-
ot pewsr op agr Jiow changés require lO- o lsrm.mﬂ" stahilizatio

et
)

» this c"T'md '"OS...E.‘._OE,, nomdy ").a.l_&.'r
hle ‘-\;_Ld-.‘ow scrs@s wers '.x.o*””"'“d-
wiise, and the hold~dowan 8ETEWS
~reratiwe Eo sta"‘ﬂ“'ze, vwhile pain-
', the sime data were recorded as
X shanged %6 ‘the next de-.
£ tre &ylinder vas
st posibion vere Te-:
5 obbain termerauh.

zerighery of the

p1 [
ob
o

v
@

ot O |"J-:c~ﬁ.

=

dGLb rovg CoAfig u‘au cns ad
n 180 and 195 degrees of (,omter-
iin the nen-symmetrical uo‘“\ﬂa’cure

'

-
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. Ponep inpab was arbltra«,r 'LLJ’ Llimited so that the temperature at tl”a

. internsi supfaﬁe of the exi,erﬁal Transite sheli did net exceed approgi-
nately F00°F, Ajr flow was 13_«.utuu by blower capacily and static
pressury lewel in the test duch whlon was maintained at a,ppz'ommately
15 inches of watef pressmie above amb:umt conditiions.

JNo changes in the overall. pressuré ot .,nf’ :r the pressure grad-
iénts ia the ddst were observed with va;vmtio 15 of the-pewer.amub to
the test cylinder. Thecefore, the multlrleutube mansmﬁher indicating
‘the pressure variation along the duc*' wall wag head om.,v once for each
dif Ilow Fate znd zepfimmzetion. . Thie reatingg were twien afbse an
anpmeciabie equi_u‘r dam perlod. The upstresin et piessure wad gpplied
to the compon well whi.h was so positioned that the range of gmd\w.t: ohs
ef the asnoneter ‘board was -best v.lul..'LZ?‘de

& R > - - 2T v

.
te

-

T _‘L‘[ - lg‘_‘).:«";, ) CSEEe .




IV, CALIFRATION OF TEST CYLINDERS | :

The eight pau's of theérmocouples, I¢ ..ated on: rad:l.al J;mes 45 degrees
apart o1 the internal and éexternal surface of the Transite shell, did not
give equal uemperature drop neasurenents when opérated in the same pos"-
tion pedabive to the air flow, while aiy veélscity and power J.nput wére
held congtant, Thérefore, all measifements were pade with the same pair
of Bhermocouples rotated to asswie a Fequired mimber of pos:.tlons re...ative
o the air flow direction to deterdiine the. theymal condictivity of the
Transite shell as a fimebion of temperature; necessary for couputation of

point heat transfer rates. The external and interral temperature profiles

taken with the samé paip of themowupleq for a large fnmber of test runs
ere ef _,[‘ cally o determing, for each run, an avérage bem-
perar,ure difference and an average temperatiwe of the Transites The
power inpubts weré cortelalted for end losses., The nst power input for
cach test rum was divided by the -average tesperature difference and apprio=
priate constants to determine a therwrnl -eonductivity for the average
température determined from the temperature distribution data. The re-
sulting conductivity curve fitted the test data within %2 per cent. The
calibration data 8¢ obtained were used for the calculation of point heat
flew rates, baged on measured: tem“erature Lfferem‘:.:.als and assmned purely
radial heat flow. : :

-qxﬁnde_r-' B -

> o oe - -

Prellmmary cdlibration tests of cyl:nder B indicated that under
constant 16w conditions :and with a eonstant inteérnal tauperature,, ‘the
surface temperatire indicated by the 19 themocouples, operated in the
safme perlnnera.l position, were not equal. It was debermined that the
inequaiities of temneraturn differentidis So indicated were not. due to
themocoup.,.e eryeor- but ¥ re caused by varlatlons in the radial t.hermal

vondictance of the external Tra.ns:.te sheli, This was ascr::.bed to the -
inhomogeneit™ of the Transite and the probable existence of a small air
ga.p of 7ariable tm.cmess‘ betwéen thé copper shell and the internal sur-
face of the Transite. Ca.lcx.la.tlons showed that the conductance could be
decreased by as much as 20 Per cent by an air gap of O°OGl-mch ‘thick-=
nesss In addition, _nd:x.ca‘t on of the existencé of an #ir gap was
fwrnished by a chanige of the relative magnitudes. of thée variable ten~
peratire d.;f;erentza&s neasured by diffeéfent therinocouples with cha.nves
3.:.1 the temneratwe ox the copver shell. Tku:s com.d be exnla.:med in part,

'&** bfr ‘::.. ab;.e e:{r:ans*o:.; clnd centr t...on o“ the Mm:zer ahe.L.L *7:.+h

<

ter“ev'atme,_\ the tatter causing a dmens:.onal Variation oL tbe air gap.

in viéw of the zbove findings, 1t was necess ary to perford an éx=
tensive calibration of the tést cylinder. It was also csLa’oij.shed tha'.-
an. apparent increzse Af thermal conductan(:e oc_:t_:med 2t lovw air velogi~
ties phen the calenlations were based on the heal input o the two centra;.
heating elerients. Tzls was. interpreted to indicate & peércentagewise in-
crease of end losses at low veloczt;es. In the 2-inch test duct, constant
tiermal. Sondhictance was obbtaindd at velocities g—:;«.ter than 60 i‘ee‘.; pér

Hoe 21 - 14587 -36~
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. second, Therefere, the calibrations wére performied at this high velocity
ardd the nductances so determined were used fop thé analysis of heat
trénsfer at all velocities selected Tor mve.;tiga.t.;.on.

The procediwre used in the calibration was 3o rotate the test cylin-

, , der on% compléte revolutiop im S'!;eps of 10 degrees for foups power inputs.
. ~_ and ccnstant air velocity. Thus, a complete surface tempergtureé profile
' ' was obbained, as determined by each thamoMupJ.e foi the same pover
"ln'rm‘}' nnd A nnrnnqymn@_g -;-n‘l'mm?i ‘Pmnv\g‘?'[ﬂﬁ‘ ““hae ‘l-.amFmafvm» pho-
flle’ weéré similar but, wheh mdindual.sy averaged ovér the entire cip-
cunfepetice, indicated different values of temperature differentials
be'?ween/ t..e _¢opper sne]l and. the outer surface of the éylimder. Since

7 ik average differcptisl wes determined by thermocouple (8),
i eating the &ré *'t.esn Fadial ccnducta.nce, ThHis. t.hemecsuple vias taken
as the reférence. - o E

- -~

2%

”~ . B

o , Fixed flow conditions and. gower input deéfined the average convective

~

heat trofsfer céeificient. Tnis criterion and the assumption of purely
radial heat flow .;erved as a basis for correlat"_no' the cenductancas at
all locdatiohs with tme conducuance at thé location of thermocou.J.Le (6)
For ang 'themoceupj.e \X} the rv._a‘tlonshlp

| ’ : ) '_ Kv (';._ ,.s_g!h'): = h (‘B . tb) ) 7 . . (12')

£ , was assumed to .,e m‘}_;d Tre ‘ijbé,f.s wére defined as ohm

h  awerage convectlve hem, w.ansfer coeff:.ca.ent

; ts average suri‘ace température of the test cyhndef
) tl tempen rature o*" »_-;'r.u.erna}_ ¢opper shem of the test cylmder
A ty, - air uan;éfat-rv - - ‘
- . Kx , the'r:a.;gg*dgcsance vetseen corver. shd_l and outer

) _ o surfzce of the test cylir "Lder at loca.u:.ou ef themo—
oo - soudle x) -
%he mal conductance of any location {x) with vef-
thermceouple (&) we§ dergmed by

3 . 7 =2 X = 2. o= . 5 = B0y x '(ibs, j b)x (_.1;5)
o \ X, -k‘ . 'K.m.‘f ¢ r tb), g\,, @ +8)— “ 4
i f The tanpe*auure uffermes; in the auove e.:mat:.oz_ yer the average values
& ) s as deter _._;r.ed fro the ¢ .n*ratmn m Lre salus af Ix for any spe~

cifiz théermodoizle | W vary r*’—‘* :'-_n. Sernal ccnnefr

ghell tesperaturs.

£ Tre absslute value of E_ ref. as a2 fanction of average l'*ansﬁ:e t&::—-

I perabure was c’_-:-,:'rr.:med f.,m sifgle '{}cSu F’.ID.S ' '

13 - at valceities of &0

i u~......-€“-"'u'""‘e deles

s : in two tosi iczs.« L
AT

sriwiion o

|L

[




Xeeabion by _ P
qx o ref X(tJ. “s x : (14) '
Thén, the average heat flux bhrough the teét length of the Tran,site shell,
equal to, the length of the ¥wo cent.e;.- .eat:ing slamerts for n themocsuple
Tocations was '
Gaye T ) 2o = <Krf/> Ix& k09
‘Also; the :average heat flux Was to be équal to the power 'n‘h-ju‘!; per mit - .
surface area E/E, Therefore, the solution for the reaference conductance
K.of at Various powér inputs and cerrespond:mgly different Transite )
t.anneratm'es ¥as. obtained by :
Koz = o D(B/A) . | @s)
; Ir (f-s 'sz . ’ . '
{——J : o - . g : ) >
1 _ ) }
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METHODS OF CALCULATION

The test data consist of measurenents of the follewing quantis

1 The inlét aiF temperéture upstrésm of

o~ = =

2. me statie préss

3 'Ma_nom,et.ez* weadin

5 q- Tn

6. The inside surfave off copper ¢

cylinder.
7o . The cubsid

r8_’o\ T?h 2 m(’)ﬁ.%

18t f alr bemperature of

A d

%heé metering secbion.

88 %he or:.ime.

Sufe upstream of the metering seciion.
g

of tne pressure dro

g pHéssirss

riace temperatures of the test. cylmdero

sheld tempez—*n ature

the test sect:mn.

B

af the. test:

v

B

er read:mgs indicating static pressures at

i
varions locatiens along the wall of.‘ the test sect-ono

Inx calculatmg Lhe per:.pberal d:l.st-r:.butn.on 'of po:mt w:u‘b heat

Bk *ough toha '“Pan ite shell e

duct:.v:my of the mat-erlalo
angenbisl dirfection, as comp‘_ ed o) the temperattme gra.d:x.e.n‘bs 1.n

uhe radial direct glon. pemt little tangential heat F1owW. :

Invest;gabmn of

s m&d° bwa se of the low thennal con-

the error result mg firom ‘bhe assunption of

porely ra.d:La.l heat flow for large perxpheral tempera,ture gradientsf
nbtamed dn ‘the tests indicates maximm lodal errors in the calcu-
1ai=wn of the radial heat f1vx; as outlmed be.Low, nob in exgess

ui s per cen«w‘

I—Ic:v.'oen:ren.ﬂ9 for mos’o po:.nt neat transxer coefflcxents,

For locat.z.ons wnere the *cangen o n”he suriaf‘e tempera.ture d:z.st‘...v

bution: curve has s +glere,

the calculatlon error ..s m.l

The pc:l..nb heat .1 ansi’er c.oeffw.cvrv‘h 1s def‘med as the rate of

per (hou,,

-square Iod:: wnlch is equ.;valen’e 1o th

flux per degree wznoerature alff'erenw, oF

b

I
L

The .OI’VGCu__'Ve heat £

(qﬂon*“ (g = Tp)
ux is ecnua to the rad’ial heat flux through

"onvect:f.ve heat

@7)

t“xe ’I“"a.r‘sﬁ;e shell less “the ra,d.l.c.nt heat flux £rom the surfa.ce, or

:qx’or;v

-
~

9% ~ %aq

(38)

. Based on the assumpticn of erelr radial neat f.bow. the tobal .LOD:!J.
heéat flux qp is expressed by equation (14) which is

12587
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f+ _ +r X
3

R - = V‘Y_.. o = .o F— -44\
o “reftx Y1 Yg'x (i)

o

where K?ei' is evaluated at the meari of bs and t_ 4s expla.med on page
88 of the description of test model cal;;%ra.tlen.

% \6

" The point rad:.anb heat loss g, scalcul_atedby

g . = =z E A£m o .n?.aé;\,.
Yrad - 6 A\ ’ *b

where 6 = 0.173 % 10" ~; The constants P, and FA for the configwration
with aliminum diet valls and a cylinder suri‘a.ce of white cement are
estimated ag 1utermedn.ate values between cages 2 and 7 of reference (1)
to be 0.1 and 1, respectively, This estimatée is considered t¢ be -con-
servatives Howefver, numerical computatmns 8howW that the améunt of
radiant heat flux is only a shall fraction of the to‘bal heat Fluke
'T’nerefore, any inaccurate evaluation of the constants in equation 7))

k\‘

m
the
L

. fan)
\L72

wouid result in ah ms:.gmf:x.cant error in the hea’c transfer coefflclﬁnt.'

The £ilm Nusselt nuber is calculated as defified by (hd/kf) where kf is
the theimal condnctlnty of m, -based_ on the mean. .of local surface
temperature .and the inlet air temperature..

For the paryoses of data. presetitation and: corre]atn.on, the bulk
Reymolds nuiber {dG/p. ) 18 calculated. Thé rate of air floir in pinds
pér second is calculafed aécording to standard proced.ur@ by usé of date
itens (1) %o {(4) and a calibration curve for the orifisé. %The corres-
pond:.ng nass velocit {} in pe-mds per Second-sduaré znot is detenmned

u__wdmg the gross erogss~sectional érea of the test duct, mto the air
flfm rate, ‘I‘he buik viscosity of air is evaluated at the dnlet air
tetiperaturé of the test section, dita item (5), and the leS“mQh\ tesh,
eylindsr \chameter isg used fox the cnasacten-.,lc d:xmens:l.on d, in feeh.

Data plots for & 'cyhlca_L surface t&ﬁperatwe» varlatmn, the inlet
alw ﬁemperature, and the inside shell témperature a¥e ghowd in Pigure 74
for Bun A-147 in & 2-inch wide duet wth thrée in-lire cy"'“"‘ers of

‘@‘. = -QQZVO, The mass velocity: G i3 caleulated fram the mass flow and
e duct gFoss cmss—seytloml area as> laév? pcunds pexr second—-squa.re
io.ct 3 Thc ealuula.ted values of peif £11m Nusselt number are plotted in
-“'*6“'1:@ 75s Thé procednre of ootamlnr-' the Nﬁwcel{: riumber variation ig
iilustEatea by bhe .‘."clla.~ g sadeuks ‘-t:;@ i foF & = 1@0 with ’:he suriace
Téfiperature neaSired oy f‘;hemo:,oup 5 (2 ), .
£, =~ 418°F
= N
2 =. HoaT
Tg 228™F
3 - N o~ 3
LT X A

{1) Calculation of Tobal Heat Fiux

local avérage Transite femrerature, ti, = (%
averag reratw tr T

No. 41 - 14967 AR =90~
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Reférence conductance of Transite at B = 369°F,

Kz = 8.5 Bbu per (r-sq £6-°F)
Relative conductance for lotation of thermocouple (2), at .
'Gi =5 ‘-'-.LUOE‘ ’ o

Y2 = 0694:1

Hence, from eguation (14) for the location of thermocouple

(2),

Gy = Bl (b =50, o - )
2 88,5 ¥-0.941 (410 - 328) o
= 5290 Btu per (hr-sq £5)
3 'Calculatlon of Ra,d:an‘a and G vonvectlvé Heat Flux _ .
From equation (19), -
G-‘r*a.d;:;:: ,Q;@%} 10*3:[51; t.q ‘*] o 9 .

= 0, 0173 x 107 [(460 + 328) - (460 + 91)4]

o

51 Btu per (hr-sq ;t.)'

-q@m; = qX; q,l‘ad' - | (18)

= 5290 - 51 = 5239 Btu per (hr=sq ft)

3) Calculation of Heab TranSxe“ COﬂfflclent axxd Iocal F
'I&ussel% I'u.her

e e S B

< heat tragsfer ';ﬁe*‘ ficient is calcu]a"'ed by equation

B o= gy lbg = &) (17)
= 5289/(328 = 91) = 22,1 Bhu per (bresq £5-°7)
To caleulate the film Nusseld ammber (hd/k_}., where d is

the d:La:..et°r f the tést CJJder, the the‘tmgl conducgtiv-
ity of afr ky s ceuer__ned at the lseal film temperature.
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= (328 + 912 = 209.5°F

% For by = 209.5°F,

, ke = 0,0k84 Bbu per (hy-sg £t=°F per £t)

- . : The lo ocal £ilm .}?ﬂé;s&?.;t nuiber fs thérefore

Nui = héfke = 22.1(1.5/12)(1/0.0184) = 150 .

L, ) : (4) Calcxﬂa‘!:zon of Bulk Bey;.olds Himbep
«m - ) _ . _ The bulk Eeyno.:._.s num’fié“‘ ig '_ é;icﬁi:g‘:_;é_é d.u-ect'ly f‘@m

; Rt T Re, = WG, -
R | Qnere is the wiscosity at DLJ..E; a.:Lz' temmra‘bure,
o ' équal’ ".:% the iniet air Semperature
| . For 1y = 91:'1" | ‘

) oy, = ];20”5::.1.0 10 per (fb-sec) o .

. , Hence, .
_ . ’ . | Bao 2 (1,652 x Tx-,s/iz«:) L/lz‘fs)l@é 7 ié;"oed‘
. : {5) Ca.lc; ; -“-':ién :bf ‘odified I\Iusseltﬁlmber |

‘The . lo<>a.1 film ¥usselt nubers calculated as above for
. halif of the pe¥ipasry are plotited in F:Lgme 75. The Husselt number
profile 48 correla ated wibh other prgf_les obtained at the same bulk
- Reynolds nuber bub dirfersat istal heat flows by the modified Busse.d'_
nunbers Fued, w0 allow f.r diffe oo sumaw +emperat.ures at the same
b

re
issations. i'"°~ Po @ = 1C° and 3

Ty = 209.5°F
- oL . : B, = .Léuo x 167% ib per (fimget)
the local hodified Nussel: amaber is t;here,i‘org, c
) L P pBe0s52 . .
. . > E’l‘«? = FL«-&—; .
Lo b

e 0:62
50 (st 2 *-’e—?"é)

¢ ) . o

= 164

The local mm‘a.g_ed Nusselt nubers for other locat:_uns are 31m..lar1"
calguilated ahd cilotied fow hreseutav on as snom oy curve E in F:_gu'e

N : 99 R
No. 41 - 14987 - =%~
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(6) Caleulation of Aversge Film Nusselt Number snd Film Beynclds
Huniber : .

The average filim Nusselt numbsr is obhtained by eczleufiating the

woighted mean of the loecal £iln Nusselt numbers shown in Figure 75. Thae

averagée film Nusselt numbeér N’{.«e( for this run 1§ determined to be
225,6. The average film Husselt mmbor is corre]ze.t_ed against average
£ilm Reynolds numbers The latber is denem;med by

Ee/ AN ?;e\,‘ﬂb” .w_

f£iave ) - -
- Pilave) ]
Whers gz{% ¥ shoutd be thne average :of the air VlSvO,.sltiﬁ?; determined
'a":, To { ;v?m temperatures. Howsver, foir smpla;::- by of computations,.

o) is the viscosity value dets srmined at the average of the loeal
% pératures over the entire periphery. Fron Figurs 74, the aver-
& of the surface temperaturss 5 calculdted to be t's(aVc-) = 300.4°F-

Efm

)

age
For GOT‘SL’E-HJ bulk air Lempérature, the average of the lccal __4_.1:.‘. L&
peraburé is therefore - . E

) : o - s 5 520 '

, (30C.4 + 91)/2 = 1%'F,
and the viscesity ab this averaze film tempePalbure is cobiained as
yas : o, P

1::.-—0 x 10°° Ib per {ft~séc).. Pence, the 7ilm Reynolds mmber is

.,_l 6 - . u,.
12:7¢ X .3.0 = ;4‘_’150

:E_e"" = I&”‘J "
m : | 440 x Lo1
. T‘ze tagh toint for this i*tiﬁ can be 1dent1de in Fagime A& at
the {ile Beynolds 5f 14,130 By the sauare symbole B

- & N - < - ) - B

MOFE: In submditting tood réport I ig mndernstood thet all provisions
' cf the sontrach between thé Foimidation and ke Cox pe*a*or a.nd
pertaining £ ":r.o_:mi,. of thHe subject matbter will be rigidl
cogerTeds ' '
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‘GOVERNMENT NOTYCES

When Covernmient drawings, specifitations, or other datd sz

) ised for.any purpose othér than ix conpection with & dgfimif.xly
. : related Governtent piocuiemernt operation, the Umited Struey
Govefnwent thereby incura uo responsibility mor doy chlipetion
whatscever; and the Fact that 'thé Governesnt may huve forselreis,
furnighed, or in ony vay supplied the siid dfsiwings, specriigtes

tions, of other dava, i1s mot. 't 'he regarded by amplicatids &i

i : otherwize as in eny warnner licensing the holcer or mny zshor
. PE€rson -or corporation, or conveying any rights oT -fermizsdys 19

- _ mamnfactureé,. uge, or sell any patented inventicn Zhut sy 3/ 28y
. ‘way be relited thereto :
. -
) The information furmished berswith iz mede availabli for
atudy upon the understending that the Goverc=ozt's pr THIEATY
intérests -in snd relating thereto sh#il not be iepaived, ¢ i
. c desired that the Office of Che Judgé AdVncate, Air Materiel Dows
Che : mand; Wright-Pattérson AFB, Dayton, Ohio, be promptly ho_g;{tﬁmkza
. - ooE . of eny dppacenit. conflict begween thé Government®s proprisiiey
R - ‘ ) interests .and ‘those of others. -
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